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Kapitel 1

1.1 Definition und Ursachen von Staunasse

Staunasse Boden und Uberflutung sind ein groRes 6kologisches und ¢konomisches
Problem und beeintrachtigen die Getreideproduktion weltweit. Obwohl die Begriffe
Staunasse und Uberflutung oftmals synonym verwendet werden, beschreiben sie
zwei unterschiedliche Zustdnde auf die Pflanzen reagieren mussen. Wird eine
Pflanze ganz oder teilweise uberflutet, befinden sich der gesamte Wurzelkéorper,
sowie Teile des Sprosses oder der gesamte Spross unter der Wasseroberflache.
Staunasse beschreibt die Absattigung des Bodens, dabei sind die Bodenporen mit
Wasser gesattigt und das Wurzelsystem der Pflanzen findet sich unter der
Wasseroberflache, der Spross aber wachst unter atmospharischen Normal-
bedingungen (Striker, 2012). Mit Ausnahme von Reis, sind die meisten Kultur-
pflanzen, wie Raps und Baumwolle, aber auch Getreide, wie Weizen und Gerste
oder Mais, nicht in der Lage diese Stressbedingungen zu Uberstehen und reagieren
mit Wachstumsdepressionen (Xu et al., 2015; Wang et al., 2017; de San Celedonio
et al., 2014; Ren et al., 2016).

Zeitweilige Uberflutung von Boden tritt in vielen Regionen der Welt, wie z. B.
Australien, Indien oder Sud- und Sudostasien, regelmaRig auf (Setter und Waters,
2003). Fir Uberflutungen und staunasse Boden sind mehrere Faktoren ursachlich.
Zum einen konnen Starkregenereignisse, wie sie z. B. in Indien und Pakistan in Form
des Monsuns regelmalfiig auftreten, zu tberfluteten Béden fiihren, zum anderen staut
sich das Wasser auf schlecht dranenden Bdden, wie sie z. B. in Australien zu finden
sind. Auf sogenannten Duplex-Bdden, die aus einem sandigen Oberboden und
einem schweren, lehmigen Unterboden bestehen, kann das Wasser nach
Regenereignissen nicht versickern und staut sich auf dem lehmigen Unterboden
(Setter und Waters, 2003). Neben den bereits genannten Punkten verstarkt oftmals
eine flache Topographie die Uberschwemmungsgefahr nach Regenereignissen, da
das Wasser nicht ablaufen kann. Dies kann z. B. in Weizenanbauregionen entlang
der Golfkiste der Vereinigten Staaten von Amerika beobachtet werden (Collaku und
Harrison, 2002). In Reisanbaugebieten wie China, Pakistan oder Bangladesch tragen
auBerdem die besonderen Anbaubedingungen zur Staundsseproblematik bei. Hier
werden Weizen und Raps in einem Rotationssystem mit Reis angebaut. Zur
Optimierung der Wachstumsbedingungen fur Reis werden die Bdden in diesen
Regionen verdichtet und Uberflutet, was wiederum den Weizen- und Rapsanbau
stark beeintrachtigt (Zhou, 1994; Setter und Waters, 2003).

Zunehmend steigen auch in Europa und Nordamerika die Ertragsverluste
durch staunasse Bdden (Collaku und Harrison, 2002; Dickin und Wright, 2008; Dickin
et al, 2009). Aufgrund von klimatischen Verdnderungen nehmen Starkregen-
ereignisse und ergiebiger Dauerregen zu. Laut Klimamodellen des Intergovernmental
Panel on Climate Change (IPCC) wird die Haufigkeit und Intensitat dieser extremen
Wetterereignisse in Zukunft durch den Klimawandel weiter steigen (IPCC, 2014). In
Deutschland wird bereits ein signifikanter Anstieg der mittleren jahrlichen
Niederschlagshéhe um etwa 10 % seit 1881 beobachtet (Fig. 1-1; Umweltbundes-
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amt, 2017). Insbesondere ab der Mitte der 60er Jahre traten vermehrt Uber-
durchschnittlich regenreiche Jahre auf (Fig. 1-1; Umweltbundesamt, 2017).
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Fig. 1-1: Mittlere jahrliche Niederschlagshdhe in Deutschland 1881 bis 2016. Seit 1881 kann ein
signifikanter Anstieg der mittleren jahrlichen Niederschlagshohe um 10 % beobachtet werden
(verandert nach: Umweltbundesamt, 2017).

Dabei zeigen sich deutliche Unterschiede in der Niederschlagsverteilung in den
Jahreszeiten (Fig. 1-2). Wahrend im Winter eine signifikante Zunahme der
Niederschlage um etwa 25 % zu verzeichnen ist, sind die Sommerniederschlage
leicht zurickgegangen (Fig. 1-2; Umweltbundesamt, 2017). Auch im Frihjahr und
Herbst sind Niederschlagszunahmen messbar (Fig. 1-2; Umweltbundesamt, 2017).

Friihling (Marz, April, Mai) +19,1 mm
Sommer (Juni, Juli, August) -3,3 mm
Herbst (September, Oktober, November) +14,3 mm
Winter (Dezember, Januar, Februar) +47,3 mm
Jahr +76,3 mm

Quelle: Deutscher Wetterdienst (DWD), Mitteilung vom 24.04.2017

Fig. 1-2: Lineare Trends in der Niederschlagshdhe zwischen 1881 und 2016. Die statistische
Signifikanz von mindestens 95% ist durch Einfarbung hervorgehoben (verédndert nach:
Umweltbundesamt, 2017).

Wie Prognosen zeigen, wird in Zukunft nicht nur die mittlere jahrliche Nieder-
schlagshohe weiter steigen, sondern es werden vermehrt auch Starkniederschlage
auftreten, die zu Uberschwemmungen filhren kénnen (Umweltbundesamt, 2011).
Laut Deutschem Wetterdienst (DWD) wird die Haufigkeit solcher Ereignisse ab 2040
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deutlich zunehmen (Umweltbundesamt, 2011). Dabei ist auch eine jahreszeitliche
Verteilung erkennbar, insbesondere im Winter, aber auch in den Sommermonaten
Juni, Juli und August konnte die Anzahl extremer Niederschlage steigen
(Umweltbundesamt, 2011). Bereits im Juni 2016 wurden die hochsten Niederschlage
gemessen und mit 36,5 % wurde das Niederschlagssoll im Vergleich zur Klima-
referenzperiode 1961-1990 deutlich Ubertroffen (Umweltbundesamt, 2017). Dies hat
auch massive Auswirkungen auf die pflanzliche Produktion, denn die Staunasse- und
Starkregenereignisse treten damit verstarkt in kritischen Phasen der Bestandes-
entwicklung, wie z. B. im Herbst nach dem Auflaufen der Saat, im Fruhjahr zu
Vegetationsbeginn oder im Frihsommer wahrend der Blute auf und kdnnen
Wachstum, Entwicklung und Ertragsbildung stark beeintrachtigen.

1.2 Staunésse verandert die chemischen und physikalischen Eigenschaften
des Bodens

Staut sich das Wasser im Boden, kommt es nach kurzer Zeit zu einer starken
Abnahme der Sauerstoffkonzentration (Armstrong, 1979). Aufgrund der extrem
verringerten Diffusionsgeschwindigkeit von Sauerstoff in Wasser, sinken die
Sauerstoffgehalte des Bodens ab, wahrend die Konzentrationen von Kohlen-
stoffdioxid und Ethylen steigen (Armstrong, 1979; Ponnamperuma, 1984). Die Rate,
mit der der Sauerstoffgehalt des Bodens abnimmt, ist dabei von mehreren Faktoren
abhangig (Trought und Drew, 1982). Zum einen bestimmt die Respirationsrate von
Pflanzenwurzeln und Mikroorganismen, wie schnell der Sauerstoff verbraucht wird,
zum anderen ist auch die Ld&slichkeit des Sauerstoffs im Wasser sowie die
Sauerstoffdiffusionsrate durch den Boden von Bedeutung (Trought und Drew, 1982).
Der noch vorhandene Sauerstoff kann dadurch innerhalb von Stunden oder weniger
Tage verbraucht sein (Trought und Drew, 1982). Durch den entstandenen
Sauerstoffmangel sinkt das Redoxpotential des Bodens und es treten signifikante
Veranderungen in der Bodenchemie auf. So fuhren beispielsweise die veranderten
Bodeneigenschaften zur Reduktion von Mangan- und Eisenoxiden und erhdhen
damit deren Loslichkeit (Ponnamperuma, 1972). Weiterhin dienen die Mangan- und
Eisenoxide Mikroorganismen als alternative Elektronenakzeptoren anstelle von
Sauerstoff, was zu steigenden Konzentrationen an pflanzenverfiigbaren Mn?* und
Fe3* fuhrt und in fur Pflanzen toxischen Konzentrationen resultieren kann (Jackson
und Drew, 1984). Neben Mangan- und Eisenoxiden kdnnen Mikroorganismen auch
Nitrat oder Sulfat als Elektronenakzeptoren in ihrer Atmungskette nutzen
(Ponnamperuma, 1972). Sogenannte Denitrifizier, z. B. Bakterien der Gattung
Pseudomonas oder Azospirillum, wandeln das im Boden vorhandene Nitrat in
mehreren Schritten zu Luftstickstoff (N2) um. Oft jedoch verlauft die Umwandlung nur
unvolistandig und anstatt des N2, wird das klimaschadliche N20 (Lachgas)
freigesetzt. Genau wie Nitrat, kann auch Sulfat von anaeroben Bakterien, die zur
Gattung Desulfovibrio gehéren, unter Sauerstoffabschluss in H2S (Schwefel-
wasserstoff) umgewandelt werden, was in gasférmigen Schwefelverlusten resultiert.
Denitrifikation und Desulfurikation stellen damit Verluste an pflanzenverfigbaren
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Stickstoff- und Schwefelressourcen dar und koénnen damit zu Nahrstoffméngeln
beitragen.

1.3 Reaktionen von Kulturpflanzen auf Staunésse

Staunasse ist ein bedeutender abiotischer Stressfaktor fur Pflanzen. Wird ein Boden
Uberflutet, ist der Gasaustausch zwischen den Pflanzenwurzeln und der Atmosphéare
aufgrund des fehlenden Sauerstoffs stark beeintrachtigt (Setter und Waters, 2003;
Striker, 2012). Damit ist der zentrale Stressfaktor fur die Pflanze nicht das Wasser,
sondern die mit der Staunasse verbundene Hypoxie (Sauerstoffmangel) und darauf
folgende Anoxie (vollige Abwesenheit von Sauerstoff) im  Wurzelraum
(Ponnamperuma, 1984).

Staunasse-tolerante Pflanzen, wie z. B. Reis, haben verschiedene morphologische
und anatomische Anpassungen entwickelt, um die sauerstoffarme Wurzelumgebung
zu tolerieren (Bailey-Serres und Voesenek, 2008). Zur Vermeidung von
Sauerstoffmangel im Gewebe ist Reis in der Lage Durchliftungsgewebe, sogenannte
Aerenchyme, in Internodien, Blattern und Wurzeln zu bilden (Colmer und Pedersen,
2008; Kawai et al., 1998). Aerenchyme sind luftgefullt, haben Uber den Spross
Zugang zur Atmosphare und kénnen damit sauerstoffreiche Luft in die Uberfluteten
Wurzeln transportieren. Im Reis werden Aerenchyme konstitutiv gebildet. Auch
Staunasse-sensitive Pflanzen, wie Weizen, Gerste und Mais, kdnnen Aerenchyme
ausbilden (Trought and Drew, 1980; Benjamin und Greenway, 1979; Drew et al.,
2000). Die Aerenchymbildung findet hier in den Adventivwurzeln statt, deren
Ausbildung durch Staunasse stark gefordert wird, da das Wachstum der seminalen
Wurzeln durch die sauerstoffarme Umgebung gehemmt ist (Malik et al., 2002; Malik
et al., 2003).

Kann ein zellinterner Sauerstoffmangel nicht vermieden werden, weil An-
passungsreaktionen zu langsam erfolgen, kommt es in den heterotrophen Wurzeln
zur Hemmung der mitochondrialen Atmung, da Sauerstoff als finaler Elektronen-
akzeptor nicht mehr ausreichend fur die Atmungskette zur Verfiigung steht (Bailey-
Serres und Voesenek, 2008). Reduktionsaquivalente in Form von NADH, die aus
Glykolyse und Citratzyklus stammen, reichern sich an und die Produktion von ATP ist
stark reduziert. Um wichtige Stoffwechselprozesse, wie die Glykolyse, aufrecht-
zuerhalten, wird das NAD™ uber Milchséure- und ethanolische Garung regeneriert.
Weil bei der Garung kein ATP produziert wird, ist die Energiegewinnung fir die
Pflanze Uber diesen Stoffwechselweg gering. Es werden nur 2 Molekile ATP pro
Molekil Glucose gebildet, wahrend bei der aeroben Atmung pro Molektl Glucose bis
zu 36 Molekile ATP entstehen (Parent et al.,, 2008). Damit kommt es zu einem
drastischen ATP-Mangel in der Pflanze, der die zellularen Stoffwechselvorgange
einschrankt (Colmer und Greenway, 2011). Die Aufnahme von N&hrstoffen und
Wasser ist gehemmt, da der lonentransport tber die Plasmamembran durch H*-
ATPasen vermittelt wird, denen ohne ATP kein Substrat zur Verfigung steht

(Armstrong und Drew, 2002; Elzenga und von Veen, 2010). Weiterhin ist auch der
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Transport von Wasser und Nahrstoffen von den Wurzeln in den Spross reduziert, da
das fehlende ATP die Xylembeladung inhibiert (Gibbs und Greenway, 2003). In der
Folge kommt es zu Néahrstoffméngeln in der Pflanze (Steffens et al., 2005; Kapitel 2;
Kapitel 3). Insbesondere die Konzentrationen von N, P, K, Mg und Ca nehmen nach
zeitweiligen Staunasseperioden soweit ab, dass Mangelsymptome, wie z. B.
Vergilbungen und Chlorosen der Blatter durch N- und Mg- Mangel, entstehen (Fig. 1-
3a; Zheng et al., 2009; Kapitel 2; Kapitel 3). Durch Staundsse auftretender Ca-
Mangel fuhrt im Raps zu einem Abknicken des Hauptblitenstands, vermutlich
aufgrund einer beeintrachtigten Stabilitat der Zellwande (Fig. 1-3b, c; Zorn et al.,
2016).

Fig. 1-3: Auftretende Nahrstoffmangelsymptome wahrend und nach Staundsseperioden in
Weizen und Raps. (a) Durch N- und Mg- Mangel induzierte Vergilbungen an Weizenblattern. (b) und
(c) Raps mit abgeknicktem Hauptblitenstand infolge von Ca-Mangel, der durch Staundsse induziert
wurde. Der Pfeil deutet auf die Abknickstelle.

Neben der Hemmung von Nahrstoffaufnahme und -transport, ist auch die
Photosynthese als zentraler Stoffwechselweg fur die Pflanze durch den staunasse-
induzierten Sauerstoffmangel beeintrachtigt (Tan et al., 2008; Zheng et al., 2009;
Shao et al., 2013). Ursachen dafur sind z. B. ein verstarkter Stomata-Schluss, der zu
einem CO2-Mangel in den photosynthetisch aktiven Zellen fihrt, sowie eine
verringerte Transpiration (Zheng et al., 2009). Hypoxische Bedingungen kodnnen
auBerdem im Abbau von Chlorophyll resultieren, was wiederum die Bildung von
Chlorosen sowie die Vergilbung alterer Blatter fordert und die Blattseneszenz
beschleunigt (Fig. 1-3a; Zheng et al., 2009; Li et al., 2011; Araki et al., 2012).
Zusatzlich steigt die Produktion von reaktiven Sauerstoff-Spezies (ROS), die
Zellmembranen und photosynthetisches Gewebe schadigen und dadurch Nekrosen
verursachen (Fig. 1-4c; Bailey-Serres und Chang, 2005). Einige Kulturpflanzen, wie
z.B. Raps, reagieren mit einer Akkumulation von Anthocyanen auf zeitweilige
Staunasse (Fig. 1-4a, b; Kapitel 3; Gutierrez-Boem et al., 1996). Die genauen
Mechanismen fir die Anthocyan-Akkumulation sind bisher noch nicht geklart;
vermutlich dienen die Anthocyane als Lichtschutz und erleichtern damit den
Nahrstoffabbau in den alternden Blattern (Koeslin-Findeklee et al., 2015).

Resultierend aus den Beeintrdchtigungen des gesamten Stoffwechsels sind bei
zeitweiliger Staunasse Spross- und Wurzelwachstum gehemmt, was zu reduzierten
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Frisch- und Trockenmassen fuhrt (Fig. 1-4d; Kapitel 2; Kapitel 3; Huang et al., 1994;
Malik et al., 2002).

Fig. 1-4: Reaktionen von Weizen und Raps auf zeitweilige Staunasse. (a) + (b) Raps reagiert auf
Staunasse mit der Akkumulation von Anthocyanen. (c) Im Weizen fihrt die durch Staun&sse
verursachte ROS-Akkumulation zur Bildung von punktférmigen Nekrosen. (d) Zeitweilige Staundsse
hemmt das Sprosswachstum im Raps.

1.4 Auswirkungen von Staunasse auf die Ertragsbildung und den Ertrag

Inwieweit sich tempordre Staunasse auf die Ertragsbildung in Getreide und Raps
auswirkt, ist von mehreren Faktoren abhangig. Neben der Anfélligkeit der Art oder
Varietat an sich (Setter et al.,, 1999; Pang et al., 2007), beeinflussen Dauer und
Haufigkeit des Staunasseereignisses wahrend einer Vegetationsperiode die
Ertragsbildung. In verschiedenen Studien mit Weizen, Gerste und Mais konnte
gezeigt werden, dass mit zunehmender Dauer der Staunasseperiode Wachstums-
hemmungen von Spross und Wurzel zunehmen, Photosyntheseraten sinken und
eine verfrihte Blattseneszenz einsetzt, was zu Ertragsreduktionen fuhrt (Malik et al.,
2002, de San Celedonio et al., 2014, Ren et al., 2016). Von entscheidender
Bedeutung ist auch das Entwicklungsstadium, in dem die Pflanzen Uberstaut werden,
denn hierdurch wird bestimmt, welche Ertragskomponenten besonders geschadigt
werden (Kapitel 2 und 3). Staunasseperioden in vegetativen Entwicklungsstadien
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reduzieren die Anzahl der Bestockungstriebe in Weizen, hauptsachlich durch
Staunasse-induzierten N-Mangel, was wiederum die Anzahl der &ahrentragenden
Halme pro Quadratmeter verringert (Watson et al., 1976; Cannell et al., 1984;
Robertson et al.,, 2009). Staundsseperioden in generativen Entwicklungsstadien
beeintrachtigen die Blutenbildung und -fertilitat und damit die Anzahl der Korner je
Ahre (de San Celedonio et al., 2014; Marti et al., 2015). AuRerdem koénnen
Staunasseperioden zu generativen Entwicklungsstadien durch eine verfrihte
Blattseneszenz die Kornfullungsphase verkirzen und durch unzureichende
Remobilisierung von Kohlenhydratreserven die Kornfillungsrate reduzieren (Hossain
et al., 2011; Araki et al., 2012; Li et al., 2013). Ertragsverluste sind die Folge (Araki et
al., 2012; de San Celedonio et al., 2014; Matrti et al., 2015).

1.5 Maoglichkeiten monetarer Absicherung von Landwirten gegenuber
Wetterextremen

In Deutschland verursachten Wetterextreme in der Landwirtschaft zwischen 1990 bis

2006 etwa 8 Mrd U Erntesch2deheflLanhgaed, 280¢

auf Ernteschaden, die durch Sturm, Starkregen und Uberschwemmung verursacht
wurden (Langner, 2009). Sturm, Starkregen und Uberschwemmung waren damit die
dritthéaufigste Ursache fir Ernteausfalle nach Dirre und Hagel (Langner, 2009). Da
diese Wetterextreme nicht langfristig vorhersehbar sind und ihr Auftreten sowie die
Intensitat grofRen Schwankungen unterliegt, konnen Wetterextreme fur den
Einzelbetrieb, z. B. durch den Totalverlust der Ernte, existenzbedrohend sein. Jedoch
sind die agronomischen Anpassungsstrategien der Betriebe begrenzt. Eine wirksame
Malnahme, dem Risiko von Ernteverlusten durch Wetterextreme entgegenzuwirken,
ist der Abschluss einer Ernteversicherung. Bei der Ernte-Ertragsversicherung erhalt
der Landwirt nach einem durch ein Wetterextrem bedingten Schaden, einen
finanziellen Ausgleich des festgestellten Ertragsverlustes (Langner, 2009).
Verschiedene Versicherungen, wie z.B. die Vereinigte Hagel VVaG, die Minchener
und Magdeburger Agrarversicherung AG sowie die Versicherungskammer Bayern,
bieten sogenannte Mehrgefahrenversicherungen an, die Schaden, die durch Hagel,
Sturm, Frost, Starkregen oder Auswinterung verursacht wurden, umfassen.

Obwohl eine Mehrgefahrenversicherung auch durch Starkregen verursachte
Verschlammungen und sichtbare Wasseransammlungen, also Staunasse, auf der
Anbauflache einschliel3t, bietet sie dem Landwirt dennoch keinen ausreichenden
Schutz. Zwei Grinde sind dafir maRgeblich: zum einen haftet die Mehrgefahren-
versicherung nur von der Aussaat bis zum Ende der Bestockung (BBCH 29)
(Vereinigte Hagel, 2015). Laut DWD, 2017 wird jedoch die Haufigkeit von
Starkregen- und damit verbundenen Staunésseereignissen besonders in den
Sommermonaten zunehmen (Umweltbundesamt, 2011). Damit werden die Pflanzen
in spéateren Entwicklungsstadien geschadigt, die nicht versichert werden kodnnen.
Zum anderen treten Uberschwemmungs- und Staunasseereignisse zunehmend im
Herbst, Winter und Fruhjahr auf, aufgrund des Anstiegs von anhaltenden, ergiebigen
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Niederschlagen (Umweltbundesamt, 2011). Diese Wetterereignisse sind jedoch nicht
versicherbar, obwohl auch sie zu Totalverlusten fihren kénnen. Es stellt sich daher
die Frage, warum nicht auch anhaltende Staundsse durch eine Mehr-
gefahrenversicherung versicherbar ist. Der Grund ist eindeutig, bisher sind der
Umfang und die Hohe der Schaden durch Staunédsse weder fur den Landwirt noch
fur die Versicherungen kalkulierbar. Bisher vertffentlichte Studien zu Ertrags-
verlusten durch Staundsse stammen aus dem Ausland, vor allem aus Australien,
Argentinien und China. Da Klima und verwendete Sorten jedoch nicht mit den hier
vorherrschenden Bedingungen vergleichbar sind, ist es nicht mdglich, die Ergebnisse
als Bemessungsgrundlage heranzuziehen. Zudem werden in diesen Studien die
Pflanzen in kleinen GefalRen angebaut, sodass die erzielten Ergebnisse nicht auf
Feldbedingungen projiziert werden kénnen.

1.6 Die Bedeutung von Gefal3versuchen fur Staunasse-Experimente

Zur Untersuchung der Auswirkungen von Staundsse auf Kulturpflanzen wurden
bisher in den meisten der durchgefuhrten Studien GefalRversuche verwendet (Stieger
und Feller, 1994; Malik et al., 2002; Setter et al., 2009; Li et al., 2011). Tatsachlich
sind GefalRversuche eine adaquate Methode verlassliche Ergebnisse zu erhalten,
denn sie sind kontrollierbarer, leicht zu wiederholen und die Ergebnisse sind
reproduzierbarer als in Feldexperimenten. Oftmals kénnen jedoch die in den
Gefal3versuchen erzielten Ergebnisse nicht auf das Feld Ubertragen werden, was
ihren Nutzen fur die praktische Landwirtschaft erschwert (Passioura et al., 2006). Die
grofdten Probleme der Gefaldversuche liegen in der Grof3e der verwendeten Geféal3e.
Meist werden kleine Gefal3e mit einem Volumen von 2 L bis 17 L verwendet (Setter
et al., 2009; Malik et al., 2002; Robertson et al., 2009). Diese bieten jedoch nur
limitierten Raum fur die Pflanzenwurzeln (Poorter et al., 2012), was zu einem
eingeschrankten Wurzelwachstum fihrt, das sich negativ auf Transpiration und
Photosynthese auswirkt (Ronchi et al. 2006; Wu et al., 2011; Poorter et al., 2012).
Weitere Faktoren, die den Ergebnistransfer auf das Feld erschweren sind, héhere
Bodentemperaturen, eine veranderte Nahrstoffverfigbarkeit sowie eine verminderte
Wasserhaltekapazitat (Poorter et al., 2012).

Da die in dieser Arbeit erzielten Ergebnisse als Grundlage fir die praktische
Landwirtschaft dienen sollen, ist es von zentraler Bedeutung die Durchfihrung so
praxisnah wie moglich zu gestalten. Weil aber die Aufstauung eines ganzen Feldes
zur Simulation von Staundsse nicht mdglich ist, wurden Weizen und Raps in
GroRcontainern angezogen. Diese GroRcontainer (Hohe: 0,9 m, Flache: 0,16 m?,
Volumen: 120 L) bieten mehrere Vorteile: zum einen konnen die Pflanzen in
feldahnlichen Saatstarken ausgebracht werden, zum anderen koénnen sich durch das
grolle Bodenvolumen und die Bodentiefe die Wurzeln nahezu ohne
Einschréankungen entwickeln (Wu et al., 2011). Weiterhin kdnnen die Pflanzen gezielt
zu den gewinschten Entwicklungsstadien Uberstaut werden, und das Wasser kann
nach einer definierten Zeitspanne Uber installierte Auslassventile wieder aus den

Containern abgelassen werden. In einer Studie von Hohmann et al. (2016) zeigte
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sich zudem, dass Ergebnisse, die in GroR3container-Versuchen erzielt werden,
vergleichbar sind mit Ergebnissen, die in Feldversuchen erlangt werden. Damit
bieten Grol3container eine adéaquate Losung zur Durchfuhrung von Versuchen, die
praxisnah gestaltet werden sollen, deren Durchfiihrung im Feld aber nicht mdglich ist.

1.7 Zielsetzung

Staunasse stellt einen abiotischen Stressfaktor fur Kulturpflanzen dar, der durch das
sich wandelnde Klima zunehmend auch in den gemafRigten Breiten dkologisch und
0konomisch an Bedeutung gewinnt. Fur Deutschland wird im Zuge des Klimawandels
ein Anstieg der mittleren jahrlichen Niederschlagshéhe, sowie eine Zunahme von
Starkregenereignissen erwartet, die zu anhaltenden Staundsseperioden flhren
kénnen. Im Pflanzenbau fihrt die Zunahme von Extremwetterlagen, insbesondere
von Stark- und Dauerregen, zu einem erhoéhten Ertragsrisiko fur die Landwirte, das
durch Ernteversicherungen nicht abzusichern ist, da keine Versicherungen gegen
Staunasse existieren. Bisher sind die Ertragsverluste durch solche Ereignisse fiur die
Landwirte nicht kalkulierbar, da keine ausreichende Datengrundlage zu Ertrags-
verlusten durch Staunadsse unter den hiesigen klimatischen Bedingungen und Sorten
vorhanden ist. Andere zu diesem Thema durchgefihrte Studien verwenden zudem
kleine GefalRe zur Pflanzenanzucht, wodurch ein Transfer in die Praxis schwierig,
wenn nicht unmadglich, ist. Ziel dieser Arbeit ist es daher, einen Beitrag dazu zu
leisten, die Auswirkungen von Staundsse auf die Kulturpflanzen Winterweizen und
Winterraps unter feldahnlichen Bedingungen zu untersuchen. Dabei wurden folgende
Fragestellungen verfolgt:

- FUhrt anhaltende Staunéasse zu einem Ertragsriickgang in Winterweizen und
Winterraps?

- Unterscheiden sich Winterweizen und Winterraps in ihrer Anfalligkeit
gegenuber Staunasse?

- Ist der Ertragsriickgang abhangig vom Entwicklungsstadium, in dem die
Pflanzen Uberstaut wurden?

- Koénnen Ertragsverluste durch auftretende Nahrstoffméngel oder -toxizitaten in
Winterweizen und Winterraps erklart werden?

- Beeinflusst anhaltende Staunasse die Qualitat von Winterweizen und
Winterraps?

Zur Beantwortung der Versuchsfragen wurden zwei Winterweizensorten und ein
Winterrapskultivar in Grof3containern unter kontrollierten Bedingungen angezogen
und in zwei verschiedenen Entwicklungsstadien fur zwei Wochen Uberstaut.
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2.1 Abstract

Aims Frequent waterlogging increases the risk of possible harvest losses in winter
wheat. The aim of this study was to analyze which developmental stages of wheat
was impaired by waterlogging and if yield losses can be explained by nutrient
deficiences.

Methods A large-scale container experiment was designed to evaluate growth, yield
and nutrient status of two wheat cultivars after 14 d of waterlogging at two different
developmental stages: BBCH 31 (first node visible) and BBCH 51 (middle of ear
emergence).

Results Early waterlogging treatment impaired vegetative growth stages of winter
wheat and nutrient uptake, leading to transient nutrient deficiencies, but yield was not
significantly reduced. Late waterlogging at the beginning of ear emergence mainly
affected generative growth stages and caused yield reductions ranging between 42%
to 61%. The main reason for yield loss was the significantly decreased thousand
kernel weight in combination with a decreased number of grains per spike.

Conclusions Yield depressions in winter wheat depend on the timing of waterlogging.
Early waterlogging transiently reduces vegetative growth through nutrient
deficiencies, whereas late waterlogging results in an impaired grain development and
associated therewith, yield losses.

Key words: waterlogging, winter wheat, yield, nitrogen, large-scale containers
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2.2 Introduction

Climate models of the Intergovernmental Panel on Climate Change (IPCC) predict an
increased frequency and intensity of heavy precipitation events for Europe and North
America (IPCC 2014) due to the man-induced climate change. For Germany, it is
predicted that heavy rainfall events will increase by about 50% until the year 2040
(Umweltbundesamt 2011). Often, these extreme weather events result in temporarily
waterlogged landscapes which is increasingly problematic, since such weather
events tremendously affect crop production (Trnka et al. 2014). For example, in the
UK, waterlogging at sowing for 44 to 58 days resulted in winter wheat yield losses
ranging from 20 to 25% (Dickin and Wright 2008).

A soll is characterized as waterlogged, when water is overlaying the soil surface and
the soil pores are saturated with water (Striker 2012). Gas diffusion rate in water is
extremely reduced resulting in the depletion of Oz and accumulation of CO:2
(Armstrong 1979). Due to the lack of Oz, the soil redox potential declines causing
significant changes in soil chemistry (Ponnamperuma 1972). Nitrate can be reduced
to nitrous oxide or free nitrogen by anaerobic bacteria, and, as a result, denitrification
processes increase, promoting volatile N-losses (Ponnamperuma 1972). Additionally,
altered soil properties could influence the availability of other nutrients, such as
phosphorus, which could become more available for plants (Ponnamperuma 1972).

Waterlogging strongly impedes gas exchange between plant roots and atmosphere
(Striker 2012). As a conseguence, roots switch from aerobic respiration to anaerobic
fermentation causing restrictions in ATP synthesis which limits the capacity to absorb
water and nutrients (Colmer and Voesenek 2009). Root and shoot growth is inhibited,
leading to reduced root and shoot dry mass production (Huang et al. 1994; Malik et
al. 2002). Degradation of chlorophyll and an increased production of reactive oxygen
species reduce photosynthetic capacity (Li et al. 2011) resulting in an accelerated
leaf senescence (Trought and Drew 1980; Araki et al. 2012). Tiller production and
floret fertility are impaired by waterlogging, reducing spike numbers per plant (Malik
et al. 2002; Robertson et al. 2009; de San Celedonio et al. 2014), grains per spike
and lowering thousand grain weight (Araki et al. 2012; Matrti et al. 2015) which results
in marked yield losses.

There have been several studies investigating the effects of waterlogging on plant
growth, yield or mineral nutrients, but most of them use pot experiments (Stieger and
Feller 1994; Malik et al. 2002; Li et al. 2011).

These methods are valuable, because they run under controlled environmental
conditions and are more repeatable and reproducible than field experiments, but
transfer of results received from pot experiments to natural field conditions is often
problematic (Passioura et al. 2006). A major constraint of pot experiments is the
limited space for roots resulting in hampered root growth, which leads to reduced
transpiration and photosynthesis (Wu et al. 2011; Poorter et al. 2012). Higher soill
temperatures, a reduced nutrient availability or a diminished water holding capacity
contribute also to a poor transferability. To overcome these problems, large-scale
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containers filled with soil from arable land were used in the present experiment. In
these containers plants can be sown in similar densities as in the field and the
enlarged soil volume and depth allow the development of a similar above-ground
architecture with fewer limitations on root development (Wu et al. 2011). Hohmann et
al. (2016) demonstrated that results obtained from large-scale container experiments
can effectively predict plant behavior under natural field conditions. This is
advantageous for performing waterlogging experiments, since it is not possible to
temporarily regulate waterlogging events in the field. Large-scale container trials
allow to implement waterlogging events at determined developmental stages for a
defined period.

Several studies analyzed the effects of waterlogging at different growth stages
(Huang et al. 1995; Steffens et al. 2005; de San Celedonio et al. 2014; Marti et al.
2015), but there has been no agreement which growth stage is most susceptible. The
reason is that, in most studies, plants were harvested directly after the waterlogging
treatment and were not cultivated until maturity, so that capacity to recover after
stress was not given (Huang et al. 1995; Malik et al. 2002). Having reliable evidence
of which developmental stages are more susceptible to waterlogging with regard to
final yield could help farmers to estimate potential yield losses. Additionally, we
analyzed whether two winter wheat cultivars responded differently to transient
waterlogging. Knowledge about possible cultivar variations could facilitate variety
choice on areas exposed to waterlogging. However, the research up to now has
focused on either physiological determinants, such as tillering, or nutrient
concentrations in waterlogged wheat, but none has focused on the relationship
between nutrient concentration and vyield reduction. Therefore, in addition, we
analyzed how nutrient contents of winter wheat were affected by waterlogging and if
yield losses can be explained by nutrient deficiencies.

2.3 Material and methods

2.3.1 Experimental setup

The experiment was conducted in the wheat growing season of 2015-2016 in an
unheated greenhouse at the experimental station of the Institute of Plant Nutrition
and Soi l Science, Ki el Uni versity, Ger
two winter wheat (Triticum aestivum L.) cultivars (cvs. Kredo and JB Asano) were
used. The cultivar Kredo is expected to produce high yields, whereas JB Asano is
expected to produce high grain protein concentrations (BSA, 2016). Both cultivars
were grown to maturity in large containers (height: 0.9 m; area: 0.16 m?), built from
transportable household refuse containers with a volume of 120 L according to
Hohmann et al. (2016). The soil used in this trial was separately collected in topsoil

many

and subsoi l from the expeodrionienkiaell flanrinv efirHsoi hte

It is classified as Cambisol according to WRB 2015 (IUSS Working Group WRB,
2015). Before filling the containers the soil was air-dried and crushed to homogenize
the soil structure. The containers were filled with 20 kg of gravel as a drainage layer
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and 132 kg of soil: (1) gravel layer, (2) mixture of sandy loam subsoil and sand [(1: 1
(w/w)] and (3) mixture of loamy sand topsoil with sand [9 : 1 (w/w)]. The sandy loam
subsoil contained 4 g kg organic matter, 0.3 g kg™ total N, 0.04 g kg* K20 and 0.05
g kg P20s; pH was 5.5. The loamy sand topsoil contained 15 g kg organic matter,
0.9 g kg*? total N, 0.12 g kg! K20 and 0.11 g kg* P20s; pH was 5.8. Fertilizer
application followed standard applications recommended for field grown wheat, but
were given as nutrient solution to ensure uniform nutrient availability (see Table 2-1).

Tab. 2-1: Fertilizer application of the containers in autumn and spring.

Spring Amount
Autumn Spring Beginning of March 70 kg N ha™
N [urea, (NH,),SO,] 245 kg ha! March 20th 25 kg N ha!
P (Ca(H;PO,),) 44 kg ha \ After Wi 80 kg N ha"
K (K;S0,) 156 kg ha™’ After W2 70 kg N ha!
Mg (Mg,SO,) 23 kg ha"'

Plant protection was applied as required. Water content was applied at 60% water
holding capacity (WC). Climate data were recorded once per hour throughout the
whole vegetation period by using a data logger (EasyLog data logger, EL-USB-1,
Lascar Electronics, Whiteparish, UK).

In October 2015, 80 seeds from both cultivars were sown directly in a depth of 2 cm
in each container and, in the beginning of the growing season, thinned to 64 plants.

2.3.2 Treatments

Waterlogging treatments were imposed during two different periods throughout the
crop cycle. The treatments started (1) at BBCH 31 (first node visible, early
waterlogging, W1) and (2) at BBCH 51 (beginning of ear emergence, late
waterlogging, W2) and were imposed for two weeks. The corresponding control
containers (WO0) were kept at 60% WC throughout the entire crop cycle. The
waterlogging treatment was imposed by closing the faucets deployed at the bottom of
the containers and watering the containers to approx. 2 cm above the solil surface.
Waterlogged containers were re-irrigated daily to keep them flooded during the
duration of the treatments. At the end of the waterlogging treatments, faucets were
opened to allow drainage of the soil to the respective target WC of 60%. After
draining, all containers were retained at 60% WC until seed maturity. For exact
control of water supply, the containers were weighed every second day for
adjustment to the respective target soil water capacity (WC) and, if necessary, water
was added to retain target WC. Containers were randomized twice a week.
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2.3.3 Plant sampling and analysis

Plant samples were taken at the end of the waterlogging treatments and fresh weight
was determined. After W1 whole plants were used for analysis, while after W2 each
plant was separated in leaves plus stem and spikes. To analyze if plants recover
from subsequent waterlogging, plant samples from W1 were taken four weeks after
the W1 (recovery phase, second sampling date). At seed maturity, all plants grown in
a container were harvested and each plant was separated into straw, chaff with
rachis, and grains. Biomasses of straw and spikes were quantified as well as grain
yield and yield components. Spikes per container were counted, hand-threshed and
weighed for total grain weight. To calculate thousand kernel weight, 500 grains were
counted and weighed.

The number of grains per spike was determined as:

2 )

Yield (t ha) was calculated as:
7

0 & 5@ sOIOS D 8 (2)

Samples of each treatment were oven-dried at 65°C to constant weight and dry
weight was determined. Afterwards, samples were milled to a fine powder for further
analysis.

To determine total N concentration of each fraction, 5 to 10 mg of finely grounded
material were weighed in tin capsules and measured by using a CNS elemental
analyzer (Flash EA 1112 NCS, Thermo Fisher Scientific, Waltham, MA, USA). A
certified wheat flour standard was used as standard (Isotopenstandard Weizenmehl,
IVA Analysentechnik, Meerbusch, Germany).

For mineral analysis, finely grounded plant material was digested with 69% HNO3 at
190°C for 45 min in a 1800W microwave oven (MARS 6, Xpress, CEM, Matthews,
MC, USA) according to the method described in Jezek et al. (2015). Concentrations
of the macronutrients Mg?* and K* were measured by using an atomic adsorption
spectrometer (AAS 5EA Thermo Electron S, Carl Zeiss, Jena, Germany).

Phosphorus concentration was measured by using the vanadate-molybdate method
(Gericke and Kurmies, 1952).
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2.3.4 Statistical analysis

Statistical analysis based on four to five biological replicates. Data were statistically

analyzed using R software (2017). Effects of treatments were tested using a

statistical mixed model. The data were assumed to be normally distributed and to be
heteroscedastic after performance of a graphical residual analysis. Based on this

model, an analysis of variances (ANOVA) was conducted, followed by multiple

contrast tests in order to compare the several levels of the influence factors,
respectively. Significance of the correlations was tested using two-t ai | ed Pear so
correlation coefficient at P O1%.

2.4 Results

2.4.1 Fresh weight

After 14 d of waterlogging treatment at BBCH 31 (W1), all stressed plants wilted.
Their height was reduced and they showed leaf chlorosis of older leaves and an early
yellowing of basal leaves (Fig. 2-1a). The leaves of Kredo displayed punctual
necrosis (Fig. 2-1b). This resulted in a reduced fresh weight in both wheat cultivars (-
50%, Fig. 2-2a). Dry weight of W1 plants was not significantly reduced after
waterlogging treatment compared to the corresponding control (data not shown).

Fig. 2-1: (a) Early yellowing of basal leaves of JB Asano and (b) punctual necrosis on Kredo
leaves.

During the subsequent non-waterlogged period (recovery phase), stressed plants
could recover, leading to non-significant differences between W0 and W1 plants in
shoot fresh weight at the second sampling date (Fig. 2-2b). Spike fresh weight of JB
Asano was also not significantly different to the corresponding controls, but spike
fresh weight of Kredo was reduced after the recovery phase (Fig. 2-2b). At harvest,
no significant differences in straw, chaff and grain weight could be obtained between
WO and W1 in both cultivars (Fig. 2-2c). W2 led to accelerated leaf senescence and

earlier maturation. At the second sampling date after W2, W2 plants were nearly
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completely senescent. A significantly reduced shoot fresh weight compared to the
controls could be measured in both cultivars (Fig. 2-2b). In Kredo, the spike fresh
weight was significantly decreased by 40%, but not in JB Asano (Fig. 2b). W2 did not
reduce dry weights of shoots and spikes of W2 plants compared to dry weights of WO
plants (data not shown). At harvest, fresh weight of straw and chaff was not
significantly different from the controls after the late waterlogging treatment both in
JB Asano and Kredo, but grain weight was significantly decreased in both cultivars
(Fig. 2-2c).
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Fig. 2-2: Fresh weight of (a) the whole plant, (b) the whole plant separated into shoot and spike,
(c) the whole plant separated in straw, chaff and grains at (a) the end of a 14 d waterlogging
period at BBCH 31, (b) the end of a 14 d waterlogging period at BBCH 51, (c) at harvest after
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maturity. WO = control, W1 = waterlogged at BBCH 31, W2 = waterlogged at BBCH 51. Bars
represent means + standard errors (n=4, except JB Asano in W1 and W2 where n=5). In (a) asterisks

(* PO0. 05) i ndi cat e si gweenfdraioea ranid watérlégfed plants.cire (b) amde(d)

different letters above the bars indicate significant differences (PO0 . 05) bet ween t he
waterlogging treatments; n.s. indicates no significant difference.

2.4.2 Yield and vield components

Early waterlogging at BBCH 31 did not affect grain yield both in JB Asano and in
Kredo (Fig. 2-3a). Late waterlogging at BBCH 51 led to a significantly reduced grain
yield in both cultivars (Fig. 2-3a). In JB Asano, grain yield was decreased by 42%,
while in Kredo the yield loss was 60%.

Analyzing the major yield components revealed that early waterlogging led to a
significantly reduced grain number per spike in Kredo (Fig. 2-3c), but not in JB
Asano. Spikes per container and thousand kernel weight were not influenced by early
waterlogging, neither in JB Asano nor in Kredo (Fig. 2-3d). Yield reduction after late
waterlogging was associated with a significantly decreased number of grains per
spike and a lowered thousand kernel weight in both cultivars (Fig. 2-3c, d), whilst the
number of spikes per container was not influenced by late waterlogging (Fig. 2-3b).
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Fig. 2-3: Yield components and yield after harvest at maturity. (a) Yield, (b) spikes per
container, (c) grains per spike and (d) thousand kernel weight were determined. WO = control,
W1 = waterlogged at BBCH 31, W2 = waterlogged at BBCH 51. Bars represent means + standard
errors (n=4, except JB Asano in W1 and W2 where n=5). Different letters above the bars indicate
significant differences (PO0 . 05) bet ween the different water.]

Correlating yield with the yield components, showed that there was no correlation
between yield and the number of spikes per container (Fig 2-4a, b). The coefficients
of determination (JB Asano: R?=0.373; Kredo: R?=0.299) were not significant in both
cultivars. A significant correlation could be achieved by correlating yield with the
number of grains per spike (Fig. 2-4c, d). In JB Asano, yield correlated to nearly 77%
with the number of grains per spike, in Kredo a slightly lower correlation of 63% was
determined (Fig. 2-4d). The high significances could be achieved by correlating yield
with the thousand kernel weight (Fig. 2-4e, f). In JB Asano, correlation between yield
and thousand kernel weight was 93%, in Kredo an approximately similar high
correlation of 92% could be observed (Fig. 2-4e, f).
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2.4.3 Tissue nutrient concentrations

Nutrient status after early waterlogging

Under W1, N content was significantly decreased compared to control conditions in
the cultivar Kredo (Fig. 2-5a). In both cultivars, waterlogging reduced N contents by
nearly 35%. Additionally, K content was decreased after W1 (Fig. 2-5b) in both
cultivars, whereas Mg content was decreased only in JB Asano (Fig. 2-5c). In JB
Asano, waterlogging reduced the K content by 44% (Fig. 2-5b) and the Mg content
by 42% (Fig. 2-5c). In Kredo, K content was decreased by 50% (Fig. 2-5b).
Reduction of Mg content in Kredo after W1 (36%) was comparable with that in JB
Asano (Fig. 2-5c¢). The P content was not significantly reduced by waterlogging in
both cultivars (Fig. 2-5d).
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Fig. 2-5: (a) Nitrogen, (b) K, (c) Mg and (d) P content of the whole plant. WO = control, W1 =

waterlogged at BBCH 31. Bars represent means + standard errors (n=4, except JB Asano in W1
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drained and waterlogged plants; n.s. indicates no significant difference.
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Nutrient status of W1 plants at the second sampling date (W2)

Stressed plants could recover from W1. In both cultivars, N content of shoot and
spike of W1 plants did not significantly differ from shoot and spike N content of the
control plants (Fig. 2-6a). Potassium content of JB Asano shoot was significantly
increased after the recovery period (Fig. 2-6b). In Kredo, a significantly reduced K
content in the shoot and in the spike could be measured (Fig. 2-6b). Non-significant
differences were observed in the Mg contents after the recovery period in JB Asano
and Kredo (Fig. 2-6b, c). In both cultivars, P content in the shoot significantly
increased by late waterlogging (Fig. 2-6d). In JB Asano, P content increased by 40%
in the shoot and by 35% in the spike (Fig. 2-6d). In Kredo, the P content in the shoot
was stronger increased than in JB Asano (68%; Fig. 2-6d).
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Nutrient status after late waterlogging

When plants were waterlogged at BBCH 51 no significant differences in shoot N
content could be observed (Fig. 2-6a). Spike N content of both cultivars were
unaffected by W2 (Fig. 2-6a). No significant differences could be measured in the K,
Mg and P content of JB Asano shoots and spikes after W2 (Fig. 2-6b). Potassium
and Mg content of Kredo shoots were not affected either, while Kredo spike K
content under waterlogging significantly decreased by 26% (Fig. 2-6b). Phosphorus
content of JB Asano and Kredo shoot and spike did not show any significant
differences between WO and W2 plants (Fig. 2-6d).

Nutrient status at harvest

After harvest, nutrient contents were determined in straw, chaff and grains of both
cultivars. Analyzing the N content of the straw of both cultivars did not show any
significant differences between waterlogging treatments (Fig. 2-7a), but W1 resulted
in lower N contents in the straw of both cultivars compared to WO and W2 (Fig. 2-7a).
In JB Asano and Kredo chaff, W2 plants had the highest N content (Fig. 2-7a). Grain
N content of both JB Asano and Kredo was not significantly different between WO
and W1 plants, but significantly reduced by 40% and 45% after W2 (Fig. 2-7a).

Potassium content of JB Asano and Kredo straw was not significantly reduced in W1
and W2 plants compared to WO plants (Fig. 2-7b). In Kredo chaff, K content was
significantly decreased after W1 and W2, in JB Asano (Fig. 2-7b). Analyzing grain K
content of JB Asano and Kredo showed no significant differences between the
control and the waterlogging treatments (Fig. 2-7b).

Analysis of Mg content of JB Asano straw revealed a significant decrease in W1
plants compared to WO plants (Fig. 2-7c). In Kredo straw, Mg content of WO plants
was not significantly different from Mg content of W1 and W2 plants (Fig. 2-7c). In
Kredo chaff, Mg content was significantly decreased in W1 plants, whereas in JB
Asano non-significant differences were measured (Fig. 2-7c). Magnesium content of
grains of both cultivars was significantly reduced in W2 plants by approximately 50%,
but not in W1 plants (Fig. 2-7c).

Analysis of the P content of JB Asano straw and chaff revealed no significant
differences between the waterlogging treatments and non-waterlogged plants (Fig. 2-
7d). P content of JB Asano grains was significantly reduced in W2 plants (-49%; Fig.
2-7d). Late waterlogged Kredo showed higher P contents in straw and significantly
higher P contents in chaff compared to P contents in straw and chaff of WO and W1
plants (Fig. 2-7d). In contrast, grain P content of W2 plants was significantly reduced
compared to the WO and W1 Kredo plants (Fig. 2-7d).
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2.5 Discussion

Global climate change has already observable impacts on society, environment and
economy (Rosenzweig et al. 2001; McMichael et al. 2006). Temporal and spatial
distribution of meteorological conditions are changed and can affect soil conditions,
water availability and agricultural yields (Rosenzweig et al. 2001). The increasing risk
of floods and waterlogged areas can cause serious soil erosion resulting in the loss
of arable land and associated therewith, a declined food production (Yang et al.
2003). But also minor events, such as temporal waterlogging, have impacts on crop
production and can result in significant yield losses, which has been extensively
investigated (e.g., Dickin and Wright 2008; Robertson et al. 2009; Li et al. 2011; de
San Celedonio et al. 2014). Most of these studies are conducted with pot
experiments with only a poor transferability to field or field-like conditions. For this
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reason, two wheat cultivars were cultivated in large-scale containers to overcome
problems such as, e.g., limited root growth, simulating more field-like conditions to
achieve a more effective comparability. The main aim of this study was to answer the
question, whether the developmental stage, in which the wheat plants have been
waterlogged, is crucial for the intensity of yield loss and whether nutrient deficiencies
also contribute to yield losses. Furthermore, we analyzed different yield components
to determine which component contributes most to yield loss, because this is still a
point of debate.

Effect of waterlogging on plant growth, behavior and nutrient status

The present study demonstrated that waterlogging leads to a severely reduced shoot
fresh weight, especially in earlier developing stages such as BBCH 31 (Fig. 2-2a, b)
caused by adverse effects, such as a reduced shoot height (Huang et al. 1994; Malik
et al. 2002) and an early yellowing of basal leaves (Fig. 2-1a; Trought and Drew
1980; Malik et al. 2002). Punctual necrosis on Kredo leaves were detected (Fig. 2-
1b), which were probably caused by oxidative stress due to the waterlogging
treatment. Waterlogging leads to low oxygen conditions in the soil which in turn leads
to an excessive formation of Reactive Oxygen Species (ROS), e.g. superoxide
radicals, hydrogen peroxide or singlet oxygen, in the plant tissue (Bailey-Serres and
Chang 2005). This excess of ROS cannot be detoxified by the scavenging systems
of the plant, which leads to oxidized cell membranes resulting in chlorosis and
necrosis (Bailey-Serres and Chang 2005).
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Fig. 2-8: Water content of (a) the whole plant, (b) the whole plant separated into shoot and
spike at (a) the end of a 14 d waterlogging period at BBCH 31, (b) the end of a 14 d
waterlogging period at BBCH 51. WO = control, W1 = waterlogged at BBCH 31, W2 = waterlogged
at BBCH 51. Bars represent means + standard errors (n=4, except JB Asano in W1 and W2 where

n=5). In (a) asterisks (*: PO0 . 05) indicate significant derlbged r enc e s
plants. In (b) different letters above the bars indicate significant differences (PO0O . 0 5) bet ween

different waterlogging treatments.
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In this study, waterlogging reduced shoot fresh weight in both Kredo and JB Asano,
but Kredo seems to be more susceptible to waterlogging regarding the fresh weight
loss (Fig. 2-2a, b). Dry weights of the wheat plants after W1 and W2 did not show
any significant differences between W0, W1 and W2 plants (data not shown), but
water contents of waterlogged plants decreased after W1 and W2 (Fig. 2-8).
Therefore, we conclude that the first and major problem of a waterlogged soil for the
plants, especially for the roots, is the water deficit (Fig. 2-8). Holbrook and
Zwienciecki (2003) ascribed this to a decreased hydraulic conductivity of waterlogged
roots. This response is mediated by a permeability decrease of aquaporins in the
plasma membrane (Tournaire-Roux et al. 2003) by which, water absorption is
inhibited and, the plant finally wilts. In addition to the restrained water absorption,
waterlogged plants often suffer from nutrient deficiencies (Steffens et al., 2005).

Bergmann et al. (1983) states N concentration in the whole plant at BBCH 31 to
range from 28 to 48 mg g* dry weight (DW), K concentration from 32 to 51 mg g
DW and Mg concentration from 0.8 to 1.7 mg g* DW. The observed reductions in N,
K and Mg content are equivalent to the corresponding nutrient concentrations as
shown in Table 2 and reveal deficiencies in the growing wheat plants after W1 (Fig.
2-5). These results are in agreement with the results of Huang et al. (1994), Malik et
al. (2002) and Steffens et al. (2005).
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Tab. 2-2: Nutrient concentrations after early waterlogging in non-waterlogged (WO0) and early waterlogged (W1) wheat plants.

JB Asano Nutrient concentrations in mg g dry weight Kredo Nutrient concentrations in mg g dry weight
N K Mg P N K Mg P
WO 334+3,7 495+098 12+0,03 4,3+0,14 WO 399+059 59,7+13 1,2+0,04 4,1+0,09
w1 245+3,1 31,9+054 08+0,03 3,8+0,05 w1 28,0+0,66 31,9+053 08+0,02 3,7+0,11
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The main reason for decreasing nutrient contents is the strongly inhibited ion uptake
by the roots (Elzenga and van Veen 2010). Under hypoxic conditions plants switch
from aerobic respiration to anaerobic fermentation, where only two molecules of ATP
are produced in contrast to respiration where 36 molecules of ATP are generated
(Parent et al. 2008). Because the ion transport through the plasma membrane is
driven by H*-ATPases, a low ATP concentration directly reduces ion transport
(Elzenga and van Veen 2010).

Analyzing the nutrient contents of W1 plants after the recovery period at the second
sampling date revealed that nutrient deficiencies were transient. In contrast,
phosphorus content significantly increased (Fig. 2-6), because anoxic conditions
during waterlogging result in a declined redox potential leading to an increased P
availability (Scheffer/Schachtschnabel, 2002). Non-plant available P complexes were
transferred into plant available phosphate (Scheffer/Schachtschnabel, 2002) resulting
in higher P uptake. The non-significant differences in shoot K and Mg contents of W2
compared to WO plants (Fig. 2-6) were in agreement with the results of Huang et al.
(1995) who showed that K and Mg accumulation is affected to a lesser degree by
waterlogging.

lon analysis of straw and chaff revealed reduced Mg contents after W1 in both
cultivars (Fig. 2-7c). Overall, it was shown that the Mg uptake was limited by W1,
which maybe a consequence of the competitive relationship between Mg and
manganese (Mn). Heenan and Campbell (1981) described that the Mg uptake is
affected by higher Mn concentrations. Due to altered soil properties during
waterlogging, manganese (Mn?*) becomes more plant available which can result in
toxic concentrations (Khabaz-Saberi et al., 2006). In this study, Mn contents in the
wheat plants after waterlogging were significantly increased compared to non-
waterlogged plants (data not shown), and partly toxic Mn concentrations could be
measured, consequently leading to reduced Mg uptake (Fig. 2-7c).

Besides a reduced Mg uptake, Mg translocation into the grains seems to be impaired
by late waterlogging. Grain Mg contents of WO and W1 plants were not significantly
different, but grains of W2 plants displayed significantly decreased Mg contents (Fig.
2-7c¢). Similar observations were made for barley under drought and water stress
during grain filling (Lawlor et al. 1981; Nawaz et al. 2015).

Effect of waterlogging on wheat yield and its corresponding yield components

In the present study, early waterlogging at BBCH 31 did not significantly reduce
wheat yield neither of JB Asano nor of Kredo (Fig. 2-3a). A slight but non-significant
reduction of 12% could be measured in Kredo. These results were in contrast to the
study of Robertson et al. (2009) who measured significant yield reductions of 32%.
The main reason for yield losses after waterlogging at early vegetative stages was
the suppressed tiller production and survival (Robertson et al., 2009). Especially, N
deficiency induced by waterlogging enhanced the impaired tiller production. Further,
Robertson et al. (2009) showed that N application after waterlogging could alleviate
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the detrimental effects of waterlogging on grain yield, which was also the case in the
present study. Three days after the end of the early waterlogging treatment, all plants
were fertilized with 80 kg N ha%, alleviating most probably the adverse effect of the
waterlogging treatment and preventing yield losses (Tab. 2-1, Fig. 2-3a).

Waterlogging in generative stages (in this experiment BBCH 51) of wheat resulted in
significant yield reductions between 42% and 61%. This level of yield loss was
consistent with those found in other studies (e.g., Araki et al. 2012; de San Celedonio
2014; Marti et al. 2015). The main reason for the observed yield loss after late
waterlogging was the significantly reduced thousand kernel weight (Fig. 2-3 and 2-4),
but the grain number per spike also contributed to yield loss, which is in agreement
with Jiang et al. (2008). Grain number per spike is determined by the number of
fertile florets at anthesis. When wheat plants were waterlogged in the middle of
anthesis, a part of the fertile florets were aborted which has been shown by Marti et
al. (2015). However, decisive for the huge yield losses after late waterlogging is the
strongly impaired thousand kernel weight. This was also shown by the significant
correlation between yield and thousand kernel weight [R?: 0.93 (JB Asano), R% 0.92
(Kredo)]. It can be reasoned that the shortened grain filling period in combination with
a reduced grain filling rate was the critical yield limiting factor. The grain filling rate
depends on the availability of photosynthesis assimilates and the capacity of
remobilizing carbohydrate reserves from vegetative organs (Li et al. 2013). Under
waterlogging, photosynthesis rate is reduced due to decreasing enzyme activities
(Yordanova and Popova 2001), a declined COg2-concentration within the tissue
(because of closed stomata to avoid water loss via transpiration; Yordanova et al.
2005) and nutrient deficiencies (e.g., Mg which is important in several
photosynthetical processes; Farhat et al. 2016). Declined photosynthesis and energy
deficit lead to a limited accumulation and transport of carbohydrates into the grains
(Li et al. 2013), which explains reduced thousand kernel weight. Besides, Jiang et al.
(2008) showed that starch synthesis in the grains was impaired by waterlogging,
whereby starch contents in the grain and consequently grain weight were decreased.

A correlation between the number of spikes and yield was not displayed,
which is in contrast with the results of Dickin and Wright (2008), but is in line with the
studies of Araki et al. (2012) and San Celedonio et al. (2014), who could not confirm
a reduced number of spikes by waterlogging.

2.5 Conclusions

Waterlogging leads to severe yield depressions in winter wheat. However, yield loss
depends on the timing of waterlogging. Our results suggest that plants could mostly
recover from early waterlogging during vegetative growth, which therefore had only
negligible effects on the generative development of the plants. Significant yield
losses after a 14 d waterlogging period at BBCH 31 could not be detected. In
contrast, late waterlogging in the middle of anthesis (BBCH 51) caused high yield
reductions ranging between 42% to 61% due to an impaired generative development
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of the plants. A significantly decreased thousand kernel weight along with a reduced
number of grains per spike was the reason for yield loss. Nutrient deficiencies
appearing during waterlogging did not contribute to yield loss.
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3.1 Abstract

Oilseed rape suffers from serious waterlogging in many regions of the world limiting
the cultivation area for rapeseed. Due to the man-induced climate change, the risk of
severe waterlogging events and associated therewith, the damage of rapeseed
plants will increase, even in Europe and North America. To investigate the effects of
waterlogging on growth, yield and seed quality, rapeseed was cultivated throughout
its vegetation period and waterlogged for 14 d at two different growth stages: at stem
elongation (BBCH 31) or at floral bud appearance (BBCH 55). The experiments
revealed that waterlogging at BBCH 31 affected plant growth and nutrient
accumulation, and finally, resulted in lower yields. Waterlogging at BBCH 55
seriously impaired main racemes, but due to an increased production of secondary
racemes, yield losses were lower than after waterlogging at BBCH 31. Oil quality was
not affected by any waterlogging treatment under the chosen experimental
conditions.

Key words: waterlogging, oilseed rape, yield, seed quality, nutrient status
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3.2 Introduction

Oilseed rape is the second largest oil crop after soybean worldwide (FAO, 2016).
Oilseed rape is produced on approx. 34 million ha in the world through the various
applications in food and oil industry (Statista, 2017). The largest producers are
Canada, China, the EU and India. In China, rapeseed is planted as a rotation crop in
rice paddy fields, which means young seedlings are exposed to the humid paddy soil,
and rainfalls in spring during the flowering stage lead to temporarily waterlogged soils
(Zhou, 1994). This tends to be problematic for rapeseed production, because
rapeseed is sensitive to waterlogging stress (Zhou and Lin, 1995, Zou et al., 2014).
Excess moisture inhibits growth and development of the rapeseed plants and leads
to lower yields (Zhou and Lin, 1995; Xu et al., 2015). Not only in China oilseed rape
cultivation is affected by waterlogging, even in Europe and North America temporarily
waterlogged landscapes increase due to an increased frequency and intensity of
heavy precipitation events induced by the climate change (IPCC, 2014).

When a soil becomes waterlogged, soil pores are saturated with water and soil gas
exchange is severely impeded (Ponnamperuma, 1972; Striker, 2012). Free oxygen
(O2) is rapidly depleted and carbon dioxide (CO2) accumulates (Ponnamperuma,
1972). Furthermore, waterlogging leads to significant soil chemistry changes, such as
a declined soil redox potential and an altered pH value (Ponnamperuma, 1972;
Khabaz-Saberi et al., 2006). Due to the altered soil properties, mineral nutrients, such
as manganese (Mn?*) and iron (Fe?*), become more plant available which can result
in toxic concentrations (Khabaz-Saberi et al., 2006). In contrast, waterlogged soils
are often devoid of nitrate (NOz) and sulfate (SO4?), because denitrification and
desulfurication processes promote nitrogen (N) and sulfur (S) losses by volatilization
as well as by leaching (Ponnamperuma, 1972, Steffens et al., 2005).

Hypoxic conditions in soil affect plant roots, because roots switch from aerobic to
anaerobic metabolism leading to restrictions in ATP synthesis (Colmer and
Voesenek, 2009). The energy deficit limits the capacity to absorb water and nutrients,
resulting in an inhibited root and shoot growth (Huang et al., 1994; Malik et al., 2002).
Additionally, photosynthesis is impaired due to stomatal closure and leaf chlorosis,
finally resulting in an accelerated leaf senescence (Araki et al., 2012). In wheat and
barley, waterlogging during vegetative growth, e.g., during stem elongations phase,
can result in reductions in plant growth rate and an increased tiller mortality, resulting
in a reduced number of spikes per plant (Malik et al., 2002; de San Celedonio et al.,
2014). Waterlogging at generative development, e.g., during anthesis, impairs
reproductive organs. The floret fertility can be diminished, which leads to reductions
in grain number per spike (Marti et al., 2015) and hence, lower yields. The amount of
yield loss depends on several factors such as growth stage of the plants (de San
Celedonio et al., 2014) or duration of the waterlogging event (Malik et al., 2002). It
can be concluded from these studies that plants seem to be less tolerant to
waterlogging stress in early vegetative stages than in reproductive stages (Xu et al.,
2015). However, all these studies were performed with crops as wheat and barley,
but studies dealing with effects of waterlogging on rapeseed are scarce (Zhou and
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Lin, 1995; Gutierrez-Boem et al., 1996; Xu et al., 2015). Against this background, it is
of great importance to analyze different rapeseed developmental stages regarding
their susceptibility to waterlogging.

In the present study, a waterlogging experiment at the beginning of stem elongation
stage (BBCH 31) and at the floral bud appearance stage (BBCH 55) was performed.
The aim of this study was to test the hypothesis whether rapeseed plants
waterlogged at vegetative stages show a higher susceptibility than plants
waterlogged at generative stages. Furthermore, the adverse effects of waterlogging
on yield and yield components as well as on seed quality were investigated. Apart
from that, we analyzed N and S contents of the plants evaluating if nutrient
deficiencies also contribute to yield loss.

3.3 Material and methods

3.3.1 Experimental setup

The experiment was carried out in large containers (height: 0.9 m, area: 0.16 m?,

volume: 120 L, according to Hohmann et al., 2016) filled with soil that was separately
colect ed in topsoil and subsoi l at the exper
University, Germany. It is classified as Cambisol according to WRB 2015 (IUSS
Working Group WRB, 2015). After drying and homogenization, the soil was filled in

the containers: (1) gravel layer as drainage, (2) mixture of sandy loam subsoil and

sand [1 : 1 (w/w)] and (3) mixture of loamy sand topsoil with sand [9 : 1 (w/w)]. The

sandy loam subsoil contained: 4 g kg™ organic matter (OM), 0.3 g kg total N, 0.04 g

kg! K20 and 0.05 g kg P20s; pH was 5.5. The loamy sand topsoil contained: 15 g

kgt OM, 0.9 g kg total N, 0.12 g kg* K20 and 0.11 g kg P20s; pH was 5.8. Twenty

seeds of the rapeseed (Brassica napus L . ) cultivar AAvataro we
container on October 14, 2015. In the beginning of the growing season, seedlings

were thinned to ten plants per container. The experiment was conducted in an
unheated greenhouse at the experimental station of the Institute of Plant Nutrition

and Soil Science, Kiel University, Kiel (54A 2 0 Nj 5 0 NjNjN, 10 A6 Nj 55 NjNJE)
2015-2016. Rapeseed plants were grown to maturity over its entire lifecycle. Fertilizer
application followed standard applications for the field, but were given as nutrient

solution to ensure uniform nutrient availability. Plant protection was applied as
required. Water content was applied at 60% water holding capacity (WC). Climate

data were recorded once per hour throughout the whole vegetation period by using a

data logger (EasyLog data logger, EL-USB-1, Lascar Electronics, Whiteparish, UK).

3.3.2 Treatments

Waterlogging treatments were carried out at two sensitive developmental stages
throughout the life cycle. The treatments started (1) when the stem started to
elongate (BBCH 31, early waterlogging) and (2) when the flower buds were visible
but still closed (BBCH 55, late waterlogging) and were imposed for two weeks. The
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corresponding control containers were set at 60% WC throughout their entire life
cycle. The waterlogging treatment was imposed by closing the faucets deployed at
the bottom of the containers and watering the containers to approx. 2 cm above the
soil surface. To keep the containers flooded, they were re-irrigated daily during the
treatment. At the end of the waterlogging treatments, faucets were opened to allow
drainage of the soil to the respective target WC of 60%. After drainage, all containers
were maintained at 60% WC until seed maturity. For exact control of water supply,
the containers were weighed every second day for adjustment to the respective
target soil WC and, if necessary, water was added to retain target WC. Containers
were randomized twice a week.

3.3.3 Plant sampling and analysis

Plant samples were taken at the end of the waterlogging treatments and fresh weight
was determined. After the waterlogging treatments, plants were separated into shoot
and flower and further used for analysis. All plants grown in one container were
harvested at seed maturity and each plant was separated in straw, pod-walls and
grains. Biomasses of straw and pods were quantified as well as grain yield. Pods per
container were counted, threshed and weighed for total grain weight. 500 grains were
counted and weighed for calculation of the thousand kernel weight.

The number of grains per pod was calculated as: . (1)

Grain yield in t ha! was calculated as: 0 ¢ 0@ aOUIOR "WQ T

)

Dry weight was determined by oven-drying at 65°C to constant weight. For further
analysis, samples were milled to a fine powder.

Total N and S concentration of each fraction was determined by using a CNS
elemental analyzer (Flash EA 1112 NCS, Thermo Fisher Scientific, Waltham, MA,
USA). Five to 10 mg of finely grounded material were weighed in tin capsules. A
certified wheat flour standard was used as standard (Isotopenstandard Weizenmehl,
IVA Analysentechnik, Meerbusch, Germany).

Glucosinolate content, humidity of the grains, oil content, oleic acid and linolenic acid
content, as well as protein content in rapeseed meal were determined using a FOSS-
NIR system (FOSS-NIR systems 5000, Foss, Hamburg, Germany).

3.3.4 Statistical analysis

Statistical analysis based on three biological replicates and two technical replicates.
Data were statistically analyzed using R software (2017). Effects of treatments were
tested using a statistical mixed model. The data were assumed to be normally
distributed and to be heteroscedastic after performance of a graphical residual
analysis. Based on this model, an analysis of variances (ANOVA) was conducted,
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followed by multiple contrast tests in order to compare the several levels of the
influence factors, respectively.

3.4 Results

3.3.1 Plant growth

Waterlogging at the beginning of stem elongation (BBCH 31) resulted in significantly
reduced plant heights. Waterlogged plants showed leaf chlorosis at younger leaves,
whereas older leaves of the rapeseed plants turned purple due to an accumulation of
anthocyanins (Fig. 3-1a, b).

Fig. 3-1: (a) + (b) Anthocyanin coloration of older leaves of waterlogged rapeseed plants.

The fresh weight of the shoot of early waterlogged rapeseed plants was significantly
reduced by 47% (Fig. 3-2a). Fresh weight of the flower decreased slightly, but not
significantly, by the waterlogging treatment. During the recovery period, early
waterlogged plants dropped the purple leaves. At harvest, analysis of the fresh
weight demonstrated that rapeseed plants could not completely recover from
waterlogging at BBCH 31, because fresh weight of the straw was significantly
reduced by 41% (Fig. 3-2c). Pod-walls and grain weight were also significantly
decreased by 20% and 25% (Fig. 3-2c).
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Fig. 3-2: Fresh weight of (a) and (b) the whole plant separated into shoot and flower, (c) the

whole plant separated in straw, pod-walls and grains at (a) the end of a 14 d waterlogging

period at BBCH 31, (b) the end of a 14 d waterlogging period at BBCH 55, (c) at harvest after

maturity. Treatments were fully drained (W0), waterlogged at BBCH 31 (W1) or waterlogged at BBCH

55 (W2). Bars represent mean + standard error (n=3). In (a) asterisks (* PO0 . 0 5) indicate sicg
differences between drained and waterlogged plants. In (b) and (c) different letters above the bars

indicate significant differences (PO0. 05) bet ween the different waterl| ogc¢
no significant difference.

Waterlogging at bud appearance severely damaged the rapeseed plants. The main
racemes wilted, folded over and became senescent (Fig. 3-3a, b). Furthermore, older
leaves displayed purple anthocyanin coloration.
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Fig. 3-3: (a) + (b) Wilted and folded main raceme of a late waterlogged rapeseed plant.

Shoot and flower fresh weight were not affected by W2 (Fig. 3-2b). At harvest, no
significant differences in straw and pod-walls fresh weight were detectable between
non-waterlogged and late waterlogged plants (Fig. 3-2c), but grain weight was
significantly reduced by about 15% (Fig. 3-2c).

3.4.1 Yield and vield components

After 14 d of waterlogging, at the beginning of stem elongation grain yield was
significantly decreased (Fig. 3-4a). Whilst the grain yield in non-waterlogged plants
was 5.4 t hal, grain yield of early waterlogged plants was reduced by 25% (Fig. 3-
4a). Rapeseed plants waterlogged at floral bud appearance reached a yield of 4.6 t
ha!, which reduced seed yield by 15% (Fig. 3-4a). Furthermore, different yield
components were analyzed, estimating which parameter contributes most to yield
loss. After waterlogging at BBCH 31 the number of pods per container and the
number of grains per pod were significantly reduced (Fig. 3-4b), whereas
waterlogging at floral bud appearance neither affected the number of pods per
container nor the number of grains per pod (Fig. 3-4b, c). In contrast, thousand kernel
weight was not affected by waterlogging at the beginning of stem elongation (Fig. 3-
4d). Plants, waterlogged at floral bud appearance showed a slight but non-significant
decrease of the thousand kernel weight (Fig. 3-4d).
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Fig. 3-4: Yield components and yield after harvest at maturity. (a) Yield, (b) pods per container,

(c) grains per pod and (d) thousand kernel weight were determined. Treatments were fully
drained (WO0), waterlogged at BBCH 31 (W1) or waterlogged at BBCH 55 (W2). Bars represent mean

+ standard error (n=3). Different letters above the bars indicate significant differences (POO . 0 5)
between the different waterlogging treatments; n.s. indicates no significant difference.
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3.4.2 Tissue nutrient concentrations

Waterlogging at the beginning of stem elongation led to significantly decreased N
content of 52% in the shoot of waterlogged plants compared to non-waterlogged
plants (Fig 3-5a). Besides the N content, even the S content in the shoot declined by
approx. 60% (Fig. 3-5b). The mineral nutrient content of the flower displayed a
significant decrease in the N content (Fig. 3-5a) and a significant reduction of S
content by 50% (Fig. 3-5b).

When plants were waterlogged at BBCH 55 shoot N content was significantly
decreased (Fig. 3-5c), comparable to the early waterlogging treatment, but S content
was not significantly influenced by W2 (Fig. 3-5d). In the flower, neither N nor S
content was significantly affected compared to non-waterlogged plants (Fig. 3-5c, d).

At harvest, N and S contents were determined in straw, pod-walls and grains. In
straw, N content was significantly decreased in early waterlogged plants, but not in
late waterlogged plants (Fig. 3-5e). Sulfur contents of the straw did not differ between
the both waterlogging treatments and the corresponding control (Fig. 3-5f). The N as
well as the S content of the pod-walls was significantly increased after waterlogging
at floral bud appearance, but under waterlogging at stem elongation N and S
contents of waterlogged plants were comparable to those of non-waterlogged plants
(Fig. 3-5e, f). The N content in the grains displayed the highest value in non-
waterlogged plants (Fig. 3-5e). Significantly lower N contents could be measured
after late waterlogging, at which the reduction was about 23%. The lowest N content
with a reduction of 34% could be found in plants waterlogged at BBCH 31 (Fig. 3-5e).
Grain S content was significantly reduced after early and late waterlogging (Fig. 3-5f).
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Fig. 3-5: (a)+(c)+(e) N and (b)+(d)+(f) S content of the whole plant separated in shoot and flower
at the end of a 14 d waterlogging period at BBCH 31 [(a)+(b)], at BBCH 55 [(c)+(d)] and after
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3.4.3 Seed guality

After harvest, not only yield but also seed quality parameters were determined.
Regarding the glucosinolates, no significant differences in their content after any
waterlogging treatment could be detected (Fig. 3-6a). The humidity of the grains after
harvest displayed a significant decrease of 13% after both waterlogging treatments
compared to the corresponding control (Fig. 3-6b). Oil content significantly increased
from 42% of non-waterlogged plants to 45% of waterlogged plants (Fig. 3-6c¢). In
addition, variations in fatty acid composition of the oil were visible. Here, the content
of the monounsaturated fatty acid oleic acid did not change significantly (Fig. 3-6d),
but the polyunsaturated fatty acid linolenic acid showed a significant increase of 35%
after both waterlogging treatments (Fig. 3-6e). Additionally, the protein content of the
rapeseed meal was analyzed and ranged in the descending order: control > late
waterlogging > early waterlogging (Fig. 3-6f).
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Fig. 3-6: Quality parameters after harvest at maturity. (a) Glucosinolates, (b) humidity of the

grains, (c) oil content, (d) oleic acid content, (e) linolenic acid content and (f) protein content in

the rapeseed meal were determined. Treatments were fully drained (WO0), waterlogged at BBCH 31

(W1) or waterlogged at BBCH 55 (W2). Bars represent means + standard errors (n=3). Different letters

above the bars indicate significant differences (PO0 . 05) bet ween the different wa
n.s. indicates no significant difference.

3.5 Discussion

Waterlogging events become increasingly problematic for oilseed rape production,
also in Europe and North America, due to the man-induced climate change (IPCC,
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2014). Most of the studies on the effects of waterlogging on rapeseed focused on
waterlogging tolerance of different cultivars (Zou et al., 2014; Xu et al., 2015) or
evaluated the effects of plant growth regulator application during waterlogging (Zhou
et al., 1997; Leul and Zhou, 1998), while only very few studies addressed the effects
of waterlogging at different developmental stages (Zhou and Lin, 1995). However,
developmental stage seems to be a factor which should not be neglected for
determining yield losses induced by waterlogging. In the present study, the effects of
waterlogging on growth, grain yield and yield components as well as on nutrient
concentrations and seed quality were tested.

Effects of waterlogging on fresh weight, plant behavior and nutrient status

The present study clearly shows that waterlogging at the beginning of stem
elongation stage affects plant growth more than waterlogging at floral bud
appearance. Plants waterlogged at stem elongation showed a strongly reduced shoot
height which is in line with the studies of Zhou and Lin (1995) and Leul and Zhou
(1998). Additionally, older leaves turned purple after waterlogging (Fig. 3-1), which
was also observed by Gutierrez-Boem et al. (1996). Purple coloration by
anthocyanins is a common signal induced by various stresses, not only in rapeseed
(Chalker-Scott, 1999; Gould, 2004). Nutrient deficiency (e.g., N, P or Mg), can also
result in anthocyanin accumulation (Lawanson et al., 1972; Lovdal et al., 2010;
Kobayashi et al., 2012). In this study, N deficiency, induced by the waterlogging
stress, may be responsible for the anthocyanin formation of older leaves. This
hypothesis is supported by the fact that shoots of waterlogged rapeseed plants had
severely reduced N contents (Fig. 3-5a), which is in line with the study of Zhou et al.
(1997). The functional significance for anthocyanin accumulation has not yet been
conclusively clarified, but it seems likely that anthocyanins act as light attenuators to
control an efficient chlorophyll breakdown and thus enable a better nutrient retrieval
of senescing leaves (Koeslin-Findeklee et al., 2015).

Not only the older leaves showed discolorations, even in younger leaves yellowing
and leaf chlorosis could be observed. Analyzing the S contents of the flower including
the upper leaves indicated that a severe S deficiency may be responsible for these
examined symptoms (Fig. 3-5b). The observed S deficiency may be caused by the N
deficiency the plants suffered from, since N and S metabolism are closely linked to
each other (Kopriva and Rennenberg, 2004). For example, the carbon skeleton of the
S-containing amino acid cysteine derives from the N assimilation pathway, whereas
the sulfide derives from the S assimilation (Kopriva and Rennenberg, 2004). In this
synthesis step, N and S metabolism are directly linked. Furthermore, under N
deficiency, activities of multiple S-assimilating enzymes, such as ATP sulphurylase,
APS reductase and O-acetylserine lyase, are reduced (Kopriva and Rennenberg,
2004).

Moreover, it can be assumed that nutrient uptake of the rapeseed plants was
severely hampered due to the waterlogging. This was also be shown by Gutierrez-
Boem et al. (1996), who reported significantly decreased concentrations of N, P, K,

52



Kapitel 3

and Ca after 7 or 14 d waterlogging. Reduced ATP concentrations in the roots due to
the oxygen-deficient conditions may be the reason for the decreased nutrient uptake
(Gutierrez-Boem et al., 1996; Armstrong and Drew, 2002). Plasma membrane H*-
ATPases, transporting ions across the plasma membrane, are impaired by low ATP
concentrations, which results in lowered ion transport activities and finally nutrient
deficiencies (Elzenga and van Veen, 2010).

Another important observation, namely early waterlogged rapeseed plants could not
fully recover from the waterlogging treatment and had significantly lowest fresh
weights at harvest (Fig. 3-2), was made. High impacts of waterlogging on vegetative
stages was also determined by Leul and Zhou (1998), who showed that rapeseed
waterlogged at stem elongation, recovered afterwards, but the adverse effect of
waterlogging on growth remained up to maturity. Similar results were obtained in the
study of Zhou et al. (1997). They showed that waterlogging at seedling stage
retarded the physiological functions of the plants and that these retardations
remained afterwards, finally resulting in significant decrease of yield (Zhou et al.,
1997). Additionally, in our study, roots of waterlogged rapeseed plants rotted and fine
roots were decomposed, resulting in a damage of the roots, which was also observed
by Zou et al. (2014), so that the plants were not able to take up nutrients in sufficient
amounts (Fig. 3-5).

Waterlogging at floral bud appearance resulted in a significantly reduced fresh weight
of the flower (Fig. 3-2b), because plants waterlogged at bud appearance displayed
main racemes which first started to wilt and then folded over and became senescent
(Fig. 3-3a,b). The reason for wilting and folding over is most probably a result of Ca
deficiency (Zorn et al.,, 2016). Significantly reduced Ca content of the flower
confirmed this assumption (Fig. 3-7).
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Fig. 3-7: Calcium content of the whole plant separated in shoot and flower at the end of a 14 d
waterlogging period at BBCH 55. Treatments were fully drained (WO0) or waterlogged at BBCH 55
(W2). Bars represent mean + standard error (n=3). Asterisks (* PO 0 . 0 5date sigmificant differences
between drained and waterlogged plants; n.s. indicates no significant difference.
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Surprisingly, late waterlogged rapeseed could compensate the loss of the main
raceme by producing lateral branches (Fig. 3-8), compensating for fresh weight of
straw and pod-walls between non-waterlogged and waterlogged plants (Fig. 3-2c).
An increased production of lateral branches in response to abiotic stress was also
shown by Young et al. (2004) who observed an increase in the number of lateral
branches after the removal of a heat stress period in rapeseed.

Fig. 3-8: Growing secondary raceme in the leaf axil after late waterlogging.

Nitrogen and S contents of the shoot were only transiently changed by waterlogging
at floral bud appearance (Fig. 3-5c, d), because at harvest, N and S contents of the
straw were not significantly different (Fig. 3-5e, f). Similar results were obtained by
Zhou et al. (1997) where waterlogging at flowering did not decrease N content in
harvested leaf, stem and pods.

Effect of waterlogging on yield and its corresponding components

In this study, a waterlogging event during the stem elongation resulted in a loss of
25%, the highest significant reduction in grain yield (Fig. 3-4a), while waterlogging of
plants at floral bud appearance reduced grain yield only by 15% (Fig. 3-4a). These
results are mainly in agreement with the study of Zhou and Lin (1995), in which
rapeseed plants were waterlogged for 30 d at seedling, floral bud appearance,
flowering and silique formation stage. Waterlogging applied at seedling and floral bud
appearance resulted in a 21% and 13% vyield reduction which is in a comparable
range to the findings presented here. Together with the results of several other
studies (Zhou and Lin, 1995; Zhou et al., 1997; de San Celedonio et al., 2014) the
hypothesis supports that vegetative developmental stages, as seedling and shoot
elongation, are more susceptible to waterlogging than generative stages, such as
floral bud appearance stage. Xu et al. (2015), as well as Zhou (1994) concluded that
the water demand at flowering stages is much higher than at seedling stages,
because plants require plenty of water for floral organ morphogenesis, leading to a
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higher waterlogging tolerance. With regard to the measurements of this study, this
hypothesis is rejected, because when the plants become waterlogged, main racemes
start to wilt, so that the floral organ do not receive any water (Fig. 3-3). Furthermore,
the hydraulic conductivity of the roots decreases during waterlogging (Holbrook and
Zwienciecki, 2003), which is mediated by a permeability decrease of the aquaporins
in the root plasma membrane (Tournaire-Roux et al., 2003). These changes result in
an inhibited water absorption and the plants suffers from water stress, although
enough water is available. In our opinion, the reason for the better tolerance of
waterlogging stress in generative stages is the better regeneration ability of the
rapeseed plants in these stages. Gan et al. (2004) also revealed a strong ability of
Brassica plants to recover from abiotic stress. In this study, it was observed that
indeed rapeseed plants started to produce secondary inflorescences at the leaf axils
shortly after the end of the waterlogging period (Fig. 3-8), which is in line with Young
et al. (2004). Furthermore, plants at generative stages have already taken up the
majority of nutrients that are important for their growth, of which most of the nutrients
are now remobilized from older tissues (Marschner, 2002). In contrast, plants at
vegetative stages take up most of the nutrients by the roots and transport them to the
growing organs, which is not possible during and after waterlogging because roots
are impaired by the waterlogging.

Regarding the vyield components, differences between waterlogging at stem
elongation and waterlogging at floral bud appearance stage could be observed (Fig.
3-4). Plants, waterlogged at stem elongation, displayed a significantly reduced
number of pods per container, which was almost exclusively the reason for the yield
loss (R?: 0,977), whereas waterlogging at BBCH 55 resulted in a decreased thousand
kernel weight (Fig. 3-4d). We concluded, that waterlogging in these developmental
stages impair the flower fertility, thus leading to a hampered fruit and seed
development.

Effects of waterlogging on oilseed quality

In rapeseed production, not only oil yield but also oil quality is of economic
importance. Because oil is used for human nutrition and byproducts of oil extraction,
such as oil cake and oil extraction meals, are fed to livestock, quality is an important
factor for usage of the oil. Important oil quality criteria are grain humidity,
glucosinolate and oil content as well as the fatty acid composition. Glucosinolates are
sulfur containing, secondary plants metabolites commonly produced by Brassicaceae
as a protection against herbivores (Mithen, 1992). Pigs fed with glucosinolate rich
rapeseed meal suffered from a reduced weight increase and thyroid problems
(Schéne et al., 1997). For this reason, glucosinolate contents in animal feed were
lowered by breeding, so that the high-protein rich seed meal could be used as animal
food. In this study, glucosinolate content in the grains was not influenced by the
waterlogging treatments (Fig. 3-6a), which was not surprising because a double low
(low erucic acid and low glucosinolates) variety was used in this experiment, which
means low glucosinolate content is genetically determined (Howell et al., 2003).
However, Fismes et al. (2000) showed in N and S fertilization experiments that
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glucosinolate content can vary, even in double low varieties, but never exceeded the
threshold limit of 18 mmol ! per g grain fixed by the European norm. This is in
contrast to the results of Xu et al. (2015). In that study, waterlogged rapeseed
cultivars showed higher glucosinolate contents than non-waterlogged. Unfortunately,
in the study of Xu et al. (2015) remains unclear whether double low or single low (low
erucic acid and higher glucosinolates) varieties were used, which could explain the
obtained results.

Regarding the protein content in the rapeseed meal, which is also an important factor
for animal nutrition, waterlogging resulted in significant decreases of protein content
in both waterlogging treatments (Fig. 3-6f). The reason is obvious: N uptake in plants
waterlogged at stem elongation was impaired, resulting in significantly decreased N,
and thus, protein content in the grains (Fig. 6e, Gutierrez-Boem et al., 1996). This is
not necessarily problematic, because protein content and oil content are strongly
negative correlated, meaning high protein content decreases oil content and vice
versa (Brennan et al.,, 2000). High oil contents are highly profitable for farmers,
because they are paid for the oil content (Hauska et al., 2007). In some countries,
e. g. i n Ger many, f ar mwaaradpsemipnT sysieen whese eacla | c ul a't
additional percent of oil will be weighed 50% higher than each additional percent of
grain yield (Hauska et al., 2007).

Analysis of the oil content revealed an increase of this parameter by waterlogging
treatment (Fig. 3-6¢). Both waterlogging treatments led to significantly higher oil
contents compared to the corresponding control (Fig. 3-6¢). In the study of Xu et al.
(2015) oil content was not significantly changed among the analyzed varieties after
waterlogging, but oil yield was decreased. In the present study, seed yield reductions
could be alleviated by increased oil contents after waterlogging, at least after
waterlogging at floral bud appearance (Fig. 3-6). Moreover, oil yield was only
significantly reduced after waterlogging at stem elongation, plants that were
waterlogged at floral bud appearance reached oil yields similar to the controls (Fig. 3-
6). Concerning the oleic acid content, a monounsaturated fatty acid, no apparent
changes could be measured, which is in accordance with the study of Xu et al.
(2015). In addition, they determined significant increases in the content of
polyunsaturated acids, such as linolenic acids, which was again, comparable to our
results (Fig. 3-6e). Waterlogging promotes formation of reactive oxygen species
(ROS) which cause severe damages to cell membranes (Li et al., 2011). An altered
fatty acid profile might contribute to a detoxification of ROS by an increased activity of
linolenic acid desaturases leading to higher linolenic acid content. So far, only few
studies have focused on waterlogging and fatty acid alterations and further research
on this topic is needed.

3.6 Conclusions

In this study, we could demonstrate that waterlogging events occurring in vegetative

developmental stages affect plant growth, nutrient accumulation and floral fertility,
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finally resulting in lower yields. Waterlogging in generative stages impaired plants
transiently. Although a high regeneration capacity due to the formation of secondary
racemes led to lower yield reductions, oil quality seems not to be impaired by
waterlogging. In contrast, the total oil content and content of the polyunsaturated fatty
acid linolenic acid significantly increased. Reasons for that phenomenon are still
unclear and have to be elucidated in further studies.
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4.1 Abstract

Maintaining grain quality of winter wheat under abiotic stresses is important for end-
use functional properties. While changes in protein concentration and protein
composition have been shown for drought and heat events, knowledge on effects of
waterlogging on protein quality are scarce. Therefore, two winter wheat cultivars
differing in baking properties were cultivated in a large-scale container experiment
and exposed to waterlogging for 14 d at two different growth stages: (1) at BBCH 31
(stem elongation stage) and (2) at BBCH 51 (beginning of ear emergence). Analysis
of protein concentration revealed a significant increase, but protein content per grain
was decreased. Analysis of protein composition displayed significant changes after
both waterlogging treatments. Waterlogging at stem elongation resulted in a
decreased c on c-giading ia bothocultivacsf HMW glutenins increased
after waterlogging at stem elongation and at ear emergence. In both cultivars, LMW
B-type glutenins decreased after waterlogging at ear emergence. In this study, we
could show that waterlogging, occurring in generative developmental stages,
enhance grain protein concentration, but not necessarily protein content, and that
waterlogging causes shifts in grain protein compaosition.

Key words: waterlogging, winter wheat, storage protein composition, HMW-glutenins
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4.2 Introduction

Waterlogging is a major ecological and agronomic problem affecting crop production
around the world. Frequent soil waterlogging occurs in many regions of the world,
e.g. Australia, India and China (Setter et al.,, 2009; Li et al., 2011) due to heavy
rainfalls, poor soil drainage or a flat topography. In Europe and North America
waterlogging events also occur more frequently, mainly triggered by an increased
frequency and intensity of heavy precipitation events which are induced by the
climate change (IPCC, 2014).

Previous studies have shown that winter wheat is susceptible to waterlogging
resulting in several growth and developmental impairments (Malik et al., 2002;
Robertson et al., 2009). When winter wheat is affected by waterlogging, plant roots
switch from aerobic to anaerobic respiration due to the low oxygen concentration in
soil (Armstrong, 1979; Colmer and Voesenek, 2009). Energy production is strongly
restricted with the conversion of the plant metabolism to fermentation (Colmer and
Voesenek, 2009) leading to an inhibition in water and nutrient absorption.
Furthermore, an impaired photosynthesis (Li et al., 2011) results in inhibited root and
shoot growth and accelerated leaf senescence (Huang et al., 1994; Malik et al.,
2002). These general reductions in shoot growth can be traced back to an impaired
tiller production (Malik et al., 2002), leading in generative developmental stages, to a
reduced number of spikes per plant (Robertson et al., 2009). Additionally,
waterlogging can also cause floret infertility resulting in lower grain numbers per
spike (Marti et al., 2015). In sum, yield is severely reduced by waterlogging which has
been shown for wheat and barley in several studies (de San Celedonio et al., 2014,
Marti et al., 2015).

In wheat production, not only yield is of great importance, but a special focus
is also to produce wheat with a high bread-making quality. Grain protein
concentration and composition are two major components determining nutritional and
end-use properties of the dough. Grain protein concentrations of 12 to 14% in the
kernel dry weight are considered necessary to produce good and constant bread loaf
volumes. Additionally, the composition of the gluten proteins, consisting of gliadins
and glutenins, determines baking quality, because gliadins contribute to the viscosity
and expansibility of the dough, whereas glutenins are essential for dough elasticity
(Wieser, 2007).

Genetic and environmental factors as well as fertilization management highly
influence grain protein concentration and composition (Delcour et al., 2012, Xue et
al., 2016). Existing research has shown that abiotic stress, such as a reduced water
availability or an increased temperature, significantly affects seed size and thus
milling yield (Guttieri et al., 2001), as well as starch and protein storage, influencing
dough properties and baking quality (Blumenthal et al., 1993). Furthermore, more
recent studies demonstrate that drought or heat stress during the grain filling phase
result in increased protein concentrations (Xie et al., 2003; Labuschagne et al., 2015;
Zorb et al., 2017). Drought further causes shifts in the grain protein composition,
especially in the glutenin fractions (Z6rb et al., 2017). Even though this is known,
research on effects on baking quality are still unclear.
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However, in the last decade, besides severe drought and heat, also
waterlogging events have become a major constraint to crop production, causing
serious yield losses (Foulkes et al., 2002; Joshi et al., 2016; Marti et al., 2015) and
affecting quality parameters (Nuttal et al., 2017). But studies about effects on wheat
quality parameters after waterlogging events are scarce. It still remains unclear, if
waterlogging influences the concentration or composition or both of the wheat
storage proteins and, therefore, the protein quality.

Thus, the aim of this study was to answer the question whether waterlogging stress
affects the total grain protein concentration and if concentrations of the gliadin and
glutenin fractions, as well as the gluten subunit pattern, are altered contributing to a
changed protein composition.

4.3 Material and methods

4.3.1 Experimental setup

Two winter wheat (Triticum aestivum L.) cultivars, JB Asano (Saatzucht Breun,
Herzogenaurach, Germany) and Kredo (Nordsaat Saatzucht GmbH, Langenstein,
Germany), belonging to different baking quality classes according to the German

Federal Office of Plant Varieties, were cultivated in large containers (height: 0.9 m,

area: 0.16 m?, volume: 120 L). The containers were filled with soil that was collected
separately in topsoil and subsoil from the
University, Germany. It was classified as Cambisol according to WRB 2015 (IUSS

Working Group WRB, 2015). The soil was air dried and homogenized, and then filled

into the containers: (1) gravel layer as drainage, (2) mixture of sandy loam subsoil

and sand (1 : 1 w/w), and (3) mixture of loamy sand topsoil with sand (9 : 1 w/w). The

sandy loam subsoil contained: 4 g kg organic matter, 0.3 g kg total N, 0.04 g kg*

K20 and 0.05 g kg P2Os; pH was 5.5. The loamy sand topsoil contained: 15 g kg

organic matter, 0.9 g kg total N, 0.12 g kg K20 and 0.11 g kg P20s; pH was 5.8. In

October 2015, 80 seeds of both cultivars were sown into the respective containers. In

the beginning of the growing season, seedlings were thinned to 64 plants per
container. Wheat plants were grown to maturity over its entire lifecycle in a non-
temperate greenhouse at the experiment al st
5 0 NjNjN, 10A6Nj 55NjNJE) I AL6. Fdrtibzer gpplacationhfollosveda s o n 2
standard applications in the field, but were given as nutrient solution to ensure

uniform nutrient availability. Plant protection was applied as required. Water content

was applied at 60% water holding capacity (WC). Climate data were recorded once

per hour throughout the whole vegetation period by using a data logger (EasyLog

data logger, EL-USB-1, Lascar Electronics, Whiteparish, UK).

4.3.2 Treatments
Wheat plants were waterlogged at different times during the life cycle. The

waterlogging treatments started (1) at BBCH 31 (first node visible, early waterlogging,
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W1) and (2) at BBCH 51 (beginning of ear emergence, late waterlogging, W2) and
were imposed for two weeks. The corresponding control (W0) was kept at 60% WC
throughout the entire crop cycle. The waterlogging treatment was imposed by
watering the containers to approx. 2 cm above the soil surface, which equals approx.
105% WC, after closing the faucets deployed at the bottom of the containers. Re-
irrigation, to keep the containers flooded, was done on a daily basis. At the end of the
treatments, faucets were opened to allow drainage of the soil to the respective target
WC of 60%. After draining, all containers were retained at 60% WC until seed
maturity. For the adjustment to the respective target soil water capacity (WC),
containers were weighed every second day and, if necessary, water was added to
retain target WC. Containers were randomized twice a week.

4.3.3 Plant sampling and analysis

All plants grown in one container were harvested at seed maturity and each plant
was separated in straw, chaff and grains. Dry weight (DW) of the fractions was
determined by oven-drying the samples at 65°C to constant weight. For further
measurements, samples were milled to a fine powder with a ball mill (Retsch, Haan,
Germany).

Total N concentration of each fraction was determined by weighing 5 to 10 mg of
finely grounded material in tin capsules, followed by measuring the samples by the
use of a CNS elemental analyzer (Flash EA 1112 NCS, Thermo Fisher Scientific,
Waltham, USA). A certified wheat flour standard was used as standard
(Isotopenstandard Weizenmehl, IVA Analysentechnik, Meerbusch, Germany).
Different parameters were calculated by the following equations:

Plant N uptake (g N container?):

Ow 00 Ow 006 Ow 006 ; (1)

Raw protein concentration of the wheat flour (%):
00 Qi oG (2
Protein yield (kg ha?):

006 Q. OEIRQE@)Q

Protein content (g grain g2):

oo p;
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4.3.4 Extraction and quantification of storage protein fractions

Flour storage proteins were extracted stepwise according to Xue et al. (2016). In
brief, 100 mg of whole flour was mixed with 1 mL extraction buffer (0.4 mol L** NaCl,
67 mmol L, Na2HPO4, 7.7 mmol L' KH2PO4, pH 7.6) to obtain the albumin-globulin
fraction. Gliadins were extracted with 0.5 ml 60% (v/v) ethanol and glutenins with 1
mL extraction buffer containing 50% 1-propanol (v/v), 2 mol L* urea, 1% dithiothreitol
(DTT), 0.05 mol L* Tris-HCI, pH 7.5. Samples were stored at -20°C until further
analysis.

Proteins of each fraction was precipitated by chloroform/methanol precipitation. The
sample was mixed with 800 pL methanol, followed by the addition of 400 pL
chloroform. After vortexing, 600 pL deionized water were added. Again, samples
were vortexed and incubated for 5 min on ice. After centrifugation (13.000 x g, 4°C)
the upper phase was discarded, interphase and lower phase were mixed with 600 pL
methanol, incubated on ice for additional 5 min and centrifuged again (13.000 x g,
4°C, 5 min). The resulting pellet was dried for 10 min using a vacuum centrifuge
(Eppendorf, Hamburg, Germany). The pellet was resolved in 50 pL lysis buffer [8 mol
Lt urea (serodolit washed), 2 mol L' thiourea (serodolit washed), 4% 3-[(3-
cholamidopropyl)dimethylammonio]-1-propansulfonate (CHAPS), 30 mmol L' DTT,
20 mmol L Tris base] and stored at -20°C. Protein concentrations of each fraction
were determined using the 2D Quant-kit (GE-Healthcare, Munich, Germany).

4.3.5 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)

To analyze gliadin and glutenin compositions, SDS-PAGE was performed according
to Laemmli (1970) by using 12.5% polyacrylamide gels (12.5% separating gels and
6.3% stacking gels) with a size of 7 cm x 8.6 cm x 0.1 cm in a Bio Rad Mini-
PROTEAN® Tetra Vertical Electrophoresis Cell (Bio Rad Laboratories, Hercules,
USA). Gels were loaded with 2.5 pg gliadin and glutenin per slot, respectively. Four
gels were run simultaneously at 70 V for 120 min. For comparison, a molecular

wei ght standard50o6Rg¢gtRioma™Mar 50 Rot h, Crail st
used. Proteins were fixed to the SDS-PAGE gels overnight using 40% ethanol plus

10% acetic acid. Staining!Bvae ®Ong acsiomgi 0
manufacturerds specifications), and then des

background was clear. After destaining, all gels were scanned with an image scanner
(Epson PerfectionVV700) at 300 dpi and 16 bits per pixel.

4 3.6 Image Analysis

Gel analysis was performed according to Zorb et al. (2017) with some modifications.
Gel electrophoresis images were analyzed using the Gel Analyzer 2010a software
(http://www.gelanalyzer.com/). Gel lanes and bands were selected automatically by
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the software and, if necessary, adjusted manually. The software calculated the raw
volume of all bands in each lane. To equalize possible differences between the gels

due to the staining, the sum of alll bandos

the basis to calculate the percentage of each band of a lane.

4.3.7 Statistical analysis

Statistical analysis based on four biological replicates and two technical replicates.
Data were statistically analyzed using R software (2017). Effects of treatments were
tested using a statistical mixed model. The data were assumed to be normally
distributed and to be heteroscedastic after performance of a graphical residual
analysis. Based on this model, an analysis of variances (ANOVA) was conducted,
followed by multiple contrast tests in order to compare the several levels of the

influence factors, respectively.

4.4 Results

441 N uptake and protein vyield

Winter wheat N uptake was not affected by early (W1) or late waterlogging (W2) in
both cultivars (Fig. 4-1a). While JB Asano took up about 2 g N container?, it was
approx. 2.5 g N container?! by Kredo.

Early waterlogging did not affect protein yield both in JB Asano and in Kredo (Fig. 4-
1b), although in Kredo a tendency to a lower protein yield after early waterlogging
was observed (Fig. 4-1b). Plants of both cultivars, which were waterlogged at BBCH
51, showed a significantly reduced protein yield (Fig. 4-1b). In JB Asano, protein yield
after W2 was reduced by approx. 40%, while in Kredo the reduction was approx. 55%
compared to the corresponding controls (Fig. 4-1b).
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Fig. 4-1: (a) Plant N uptake, (b) protein yield, (c) protein concentration and (d) protein content
per grain at harvest of the wheat cultivars JB Asano and Kredo. Treatments were fully drained
(WO0), waterlogged at BBCH 31 (W1) or waterlogged at BBCH 51 (W2). Bars represent means +
standard errors (n=4, except JB Asano in W1 and W2 where n=5). Different letters above the bars
indicate significant differences (P<0.05) between the different waterlogging treatments.

4.4.2 Protein concentration and protein content

Grain protein concentration was significantly reduced by W1 in JB Asano but not in
Kredo (Fig. 4-1c). After W2, protein concentrations significantly increased in both
cultivars (Fig. 4-1c). In JB Asano, protein concentration rose from 14% in WO to 16%
in the W2 treatment. In Kredo, controls had protein concentrations of 13%, grains of
W2 plants reached concentrations of 20% (Fig. 4-1c). Because the increase in the
grain protein concentration in the W2 plants could be due to a concentration effect
(smaller and shriveled grains, see Fig. 4-2), we calculated the protein content per
grain (Fig. 4-1d). Analyzing the protein content per grain showed that, indeed, we
had a concentration effect after W2 (Fig 4-1d). Protein content per grain was
significantly decreased in both cultivars after W2, whereas no differences could be
detected between WO and W1 (Fig. 4-1d).
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WO

Fig. 4-2: Example of harvest grains after waterlogging treatments: WO: control, W1:
waterlogged at BBCH 31, W2: waterlogged at BBCH 51.

4.4.3 Protein composition

Gliadin and glutenin concentrations were not significantly changed by W1 or W2 in
JB Asano (Table 4-1). In Kredo, W2 significantly increased the gliadin as well as the
glutenin concentration (Table 4-1). Accordingly, after W2 gluten (gliadins + glutenins)
concentration was significantly increased in Kredo but not in JB Asano (Table 4-1). In
JB Asano, gluten concentrations tended to decrease, but this tendency was not
significant. Concerning the protein composition, gliadin proportion did not change
significantly in both cultivars, neither by W1 nor by W2 (Table 4-1). However, glutenin
proportion was significantly reduced by W2 in both cultivars, but not by W1 (Table 4-
1). Gliadin : glutenin ratio was not affected by any waterlogging treatment in both
cultivars (Table 4-1).
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Tab. 4-1: Protein composition as affected by waterlogging treatments. Different letters in the same column within the wheat cultivar indicate significant
differences (P 00.05) between the different waterlogging treatments (WO = control, W1 = early waterlogging, W2 = late waterlogging).

Gliadin Glutenin Gliadin Glutenin Gliadin/ Gluten
Treat- / mg g* flour / mg g flour proportion / % proportion / % Glutenin / mg g flour
ment JB Kredo JB Kredo JB Kredo JB Kredo JB Kredo JB Kredo
Asano Asano Asano Asano Asano Asano

WO 21.8a 314 a 33.2a 52.3a 149a 216a 226b 36.3b 0.65a 0.60a b55.0a 83.7a
W1 18.1a 23.4ab 303a 505a 1l4.1a 16.8 a 23.7b 359b 059a 0.57a 484a 73.9a

w2 20.3a 404D 30.5a 60.3b 129a 20.2 a 196a 296a 0.67a 0.69a 46.0a 102.2 b
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Kapitel 4

Gliadin and glutenin fractions were further separated by SDS-PAGE. An example of
the separated fractions is shown in Fig. 4-3. The gliadin fraction was further classified
regarding their mol ieaddlaisa diern sghatiasi(fy. 41). b
The glutenin fraction was classified in a high molecular weight (HMW) sub-fraction
and in three low molecular weight (LMW) sub-fractions (D-type, B-type, C-type; Fig.
4-3).

Gliadin Glutenin
MW
(kpa) M wo Wi w2 w0 w1l w2
150
1g8 } HMW-glutenin
00 ] ¥ -gliadin } D-type
40 a-gliadin } B-type - LMW-glutenin
30 ‘ C-type
20 Ub-
gliadin

Fig. 4-3: Example image of the separated wheat storage protein fractions gliadins and
glutenins in SDS-gels. M: molecular weight marker, WO: control, W1: early waterlogged plants, W2:
late waterlogged plants.

Gliadin sub-fractions were significantly influenced by waterlogging (Table 4-2a). For
the gliadin fraction, in JB Asano as well as in Kredo, 8 protein bands could be
detected and their relative quantities were analyzed (Table 4-2b). In JB Asano, the
rel ati ve gu a n-gliadin subunits ohianged lfTaldeel-2)yRelative quantities
of band 3 (MW 49 kDa) was decreased by W1 treatment, but not by W2 (Table 4-2b).
The relative quantity of band 2 (MW 58 kDa) was reduced by W2, but not by W1
(Table 4-2 b ) . Concengt atdons gliangwerd hobaffected by any
waterlogging treatment (Table 4-2a). In Kredo, significant changes in the
concentrations of all gliadin subunits could be detected (Table 4-2). Two bands
[namely band 1 (MW 63 kDa) and band 3 (MW 47 kDa)] were affected by W1 and
W2 (Table 4-2b). Moreover, band 1 was significantly decreased by W1 and W2,
whereas band 3 was reduced only by W1 (Table 4-2 b ) . Band 5, bel ongi
gliadin sub-fraction, was decreased after W2 treatment (Table 4-2b). The relative
quant ity -ghadin subueit (bdrd B, MW 24 kDa) increased after W2 (Table 4-
2b).
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